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Quench hardening is a widely used heat treatment process for achieving better mechanical properties in
carbon steels. However, when high quench-sensitivity steel components having thin sections are quenched,
theymay get distorted due to thermal andphase transformation stresses.Appropriate steps have to be taken to
minimize residual stresses and distortion during quenching operation in the heat-treating industry. Many
factors such as quenchant type, quench severity, quenching process variables, the geometry of the component,
andmaterial properties significantly affect the evolution of residual stresses. The heat transfer from themetal
surface to the quenchmedium is the critical physical phenomenon that drives themicrostructure evolution and
residual stresses during quenching. The nonuniformity in heat transfer between the heated metal and the
quench medium is the key source of residual stress development in the quenched material. Modeling and
simulation of the quenching process can predict the residual stress distribution in the quenched sample
and the evolution of quench cracks and component failure. Optimizing quenching process conditions and
selecting appropriate quenchants minimize residual stresses and distortion. One of the requirements for
improving the accuracy of simulation models is the use of reliable spatiotemporal heat transfer boundary
conditions. The present review addresses the evolution of residual stresses during quenching, factors affecting
residual stresses such as geometry and section thickness of the quenched part, cooling uniformity, quenchant
selection, and the interrelation between heat transfer and residual stresses. The methods to minimize residual
stress and distortion in quenched parts are discussed.
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1. Introduction

Quench heat treatment is a commonly used process of
hardening steel. In this process, the components are heated to a
higher temperature for a certain length of time until a
homogeneous single-phase solid solution is attained and rapidly
cooled in a quenching medium. The hardening is achieved by
arresting the diffusion motion of atoms and attaining a
metastable structure. In doing so, the phase transformation of
the parent phase to stable product phases is avoided. In steels,
the transformation from the austenite to the metastable marten-
site phase is desired to achieve higher hardness in the material.
Apart from the conventional hardening, quenching is applied in
post-surface heat treatment operations such as induction, flame,
and laser hardening or following the thermochemical treatments
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like carburizing and nitriding. The rapid cooling is performed
by direct immersion into the quench medium, or the fluid is
brought in contact with the heated metal. The former quenching
process is known as immersion quenching, while the latter are
quenching processes such as spray quenching, film quenching,
and gas quenching (Ref 1).

The heat transfer during quenching drives the microstruc-
tural evolution and development of stress and strain in the
material. Nonuniform heat transfer at the surface creates a
thermal gradient on the surface and within the quenched
sample. Stresses are developed due to nonuniform plastic
yielding due to thermal and transformation stresses. Thermal
stresses result from unequal contraction or shrinkage due to the
differential coefficient of thermal expansion. Transformation
stresses result from volume expansion due to phase change
from the parent to product phases. In addition to it, phase
transformation induces stress due to transformation plasticity
(TRIP). The resultant of these stresses is usually contained in
the material as residual stress. If the stress surpasses the yield
strength of the material, the material starts changing its shape or
starts cracking (Ref 2). Quench distortion and cracking are the
two major defects of the quenching process. In steels, the
volume expansion due to the transformation from austenite to
martensite is the major contributor to quench defects (Ref 3).

Residual stresses and distortion during quenching are the
primary causes for the rejection or rework of the components.
Post-heat treatment operations are necessary to minimize
residual stresses or distortion, making the process expensive
(Ref 2). In some applications, residual stress in the material is
advantageous for enhancing the component’s life span. High
surface compressive residual stress improves fatigue life, wear,
and corrosion resistance of the component (Ref 4-7), whereas
high tensile residual stresses developed in the material due to
quenching lead to dimensional instability during the service life
of the component (Ref 8). Therefore, analyzing residual stress
distribution in the material during quenching is essential.

Residual stresses and distortion can be controlled by
optimizing the quenching process conditions such as the
quenchant type, bath temperature, method of quenching, and
agitation. The nonuniformity in heat transfer is a significant
cause of the unequal residual stress distribution and distortion
(Ref 9). The nonuniformity arises due to the various stages of
heat transfer and due to the rewetting phenomena occurring at
the metal/quenchant interface during quenching. Accurate
boundary heat transfer conditions will improve the accuracy
of the quenching process simulation and thus improve the
prediction accuracy of residual stresses and distortion (Ref 10).
According to Heat Treating Industry Vision, 2020 and Heat
treating Technology Roadmap 200 established by the ASM
Heat Treating Society and Materials Treating Institute, the
objectives of zero distortion, zero-dispersion of quality, and
zero pollution have to be achieved (Ref 11, 12). The Vision
2020 Research and Development plan (1999) put forward by
the Heat Treating Society had three broad research proposals:
(1) equipment and materials for heat treatment, (2) the heat-
treating technology needs, and (3) reduction in energy con-
sumption and pollution control. The heat-treating technology
needs consisted goals of developing quenching models high-
lighting the following features:

1. Development of a robust model to compute heat transfer
coefficient (HTC) based on the time-temperature data
that takes care of geometry and surface finish of the
component.

2. A scaling rule to estimate HTC for various part
dimension

3. To create a database of HTC and empirical relationships

rij Stress tensor (N/m2)

eij Strain tensor

rmm Diagonal elements of the stress tensor (N/m2)

U Yield functional

Dijkl Elastoplastic constitutive strain tensor (N/m2)

g Acceleration due to gravity (m/s2)

hfg Latent heat evolved due to liquid–vapor phase

change (J/kg)

Do Length scale for vapor bubble diameter (m)

ll;lv Viscosity of liquid, vapor (Pa.s)

clv Surface tension of liquid (N/m)

csv Surface energy of solid (N/m)

csl Solid/liquid interfacial tension (N/m)

he Equilibrium contact angle (�)
CR Cooling rate (�C/s)
H, Hp Grossmann quench severity, local Grossmann

quench severity (m�1)

a Thermal diffusivity (m2/s)

EZ Normalized energy extracted along the z direction
Tsat Saturation temperature of the liquid (�C)
DTsub Difference between saturation and bath

temperature of the quench medium (�C)
Tb Bath temperature (�C)
Ja Jakob number

Pe Peclet number

Bi Biot number

MS Martensite transformation start temperature (�C)
MF Martensite transformation finish temperature (�C)

Operators

� Time derivative
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SO Soybean oil
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4. Combining CFD modeling for accurate prediction of flow
pattern and temperature-time data

The goal of reduction in energy consumption and pollution
control involved (1) developing high-intensity heating and
cooling system, (2) finding an alternative quenchant to mineral
oil, (3) recover, recycle and reuse of waste generated, and (4)
finding an alternative to NO3/NO2, CN, barium salts, and
solvent cleaner (Ref 13, 14). The alternative quenchants
developed should minimize the residual stress and distortion
in the heat treated component.

2. Theory of Evolution of Residual Stresses
during Quenching

Krause and Juhe (Ref 15) broadly classified residual stress
as stresses of 1st, 2nd, and 3rd kind according to their
homogeneity and the scale of occurrence. Residual stress of the
1st and 2nd kinds is macroscopic. The first kind of residual
stresses are equilibrated across the whole body or several
grains, and the second kind is equilibrated along one grain. The
3rd kind of stress is microscopic and is equilibrated in a sub-
granular region. Any disturbance to the equilibria of the first
and the second kind will cause considerable distortion in the
material, whereas, for the third kind, any change in equilibrium
will not cause any visible dimensional changes. The total

residual stress across a distinct region in a body is equal to the
resultant of all three kinds of residual stresses.

Residual stress during quenching occurs due to the spatial
and temporal variation of temperature that leads to a large
thermal gradient in the quenched body. The thermal gradient
leads to unequal contraction and nonuniform microstructure.
Unequal contraction leads to the evolution of thermal strain,
and nonuniform microstructure leads to phase transformation
strain. Residual strains are a combination of thermal and
transformation strains. During rapid cooling of a cylindrical
specimen, biaxial longitudinal and tangential stresses are
developed at the surface and are compensated by the core’s
triaxial longitudinal, tangential, and radial stresses. Metallic
material generally exhibits an elastic-plastic deformation
behavior, and the material’s yield stress controls the onset of
plastic deformation. The yield stress is a function of temper-
ature and decreases with increasing temperature. The material is
said to deform plastically when the effective or local equivalent
stress is equal to or greater than the yield stress at that particular
temperature. The equivalent stress is found using any of the
failure hypotheses for the ductile material, usually the Von
Mises yield criterion (Ref 16).

2.1 Residual Stresses Due to Thermal Shrinkage

Considering a transformation-free cylindrical specimen, the
residual stress occurs due to the spatial variation in the cooling
rate. The surface cools faster than the core as soon as the

Fig. 1. (a) Cooling curves of a cylindrical specimen during quenching, (b) temperature difference between the surface and core as a function of
time, (c) longitudinal thermal and transformational residual stresses evolved during quenching considering ideal linear elastic material, (d)
resultant longitudinal residual stress variation due to combined thermal and transformational stresses (Ref 16). Copyright 2010 from Residual
Stresses after Quenching by V. Schulze, O. Vohringer, E. Macherauch. Reproduced by permission of Taylor and Francis Group, LLC, a division
of Informa plc
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cylinder is quenched. The thermal contraction at the surface
causes tensile stress. Opposing compressive stress is evolved at
the core to balance the tensile stress. After a specific time, when
the difference in temperature between the surface and core
reaches a maximum value (DTmax), as shown in Fig. 1(b), the
cooling rate at the core becomes higher than that of the surface.
The tensile stress acts on the core and is balanced by
compressive stresses at the surface. The new stresses lead to a
decrease in the preceding stresses at both surface and the core. If
the stresses are elastically accommodated, then the magnitude of
the stress at both regions decreases to zero. However, the residual
stress remains in the specimen due to nonuniform plastic
deformation occurring during cooling. At any point of time
during cooling, if the local equivalent residual stress exceeds the
yield strength, plastic deformation occurs. The plastic deforma-
tion at the surface and core occurs at different times due to the
variation in the cooling rate. At the end of cooling, plastic
extension and compression remain at the surface and core,
respectively, which causes residual stress to be compressive and
tensile at the surface and core. Therefore, during cooling, the
inversion of stress takes place from tensile to compressive at the
surface and vice versa at the core (Ref 17).

2.2 Residual Stress Due to Phase Transformation

The phase transformation of austenite to martensite or any
other product phases causes an increase in the volume. As a
result, compressive stresses are evolved in the region of
transformation. During quenching, the surface of the cylinder
being first to cool transforms into martensite, and compressive
stresses are developed in this region. The untransformed core
balances the compressive stresses by developing tensile
stresses. As the cooling time progresses, the core transforms
to martensite, and the surface transformation is nearly com-
plete. The compressive stresses are established at the core and
balanced by developing tensile stresses at the surface. Hence,
the pre-existing stresses at both surface and core are reduced by
the newly established stresses. The plastic deformation due to
phase transformation at the surface and core varies in

magnitude and opposes in nature. At the end of cooling,
residual stress remains compressive at the core and tensile at
the surface (Ref 16).

2.3 Residual Stress Due to Combined Thermal and Phase
Transformation Stresses

In the case of the combined thermal and phase transforma-
tion stresses, the compressive stresses produced by phase
transformation will shift the pre-existing stress in the negative
direction. The untransformed region will produce stress in the
positive direction. Residual stress evolves in three consecutive
stages. Pure thermal stress acts on the material at the initial
stage as there is no austenite phase transformation. The surface
is the first to cool and develops tensile stress due to thermal
shrinkage. The core develops compressive stress to balance the
tensile stress at the surface. The second stage is when the
temperature reaches the Martensite start (MS) point. Transfor-
mation of austenite to martensite will cause compressive stress
due to volume expansion and the transformation-induced
plasticity (TRIP). Transformation at the surface starts earlier
than the core, as shown in Fig. 1(a). In the final stage, the core
starts to transform, and the transformation at the surface is
almost complete. Phase transformation will cause a rapid
decrease and increase of stress in the reverse direction at the
surface and the core. The irregular or nonuniform plastic
deformation at the surface and the core will decide the
magnitude of residual stress at the end of cooling. The
variation of longitudinal residual stresses during cooling for
an ideal elastic material is shown in Fig. 1(c) and (d).

The final residual stress distribution in the cylinder depends
on the initiation time of transformation at the surface and core,
i.e., whether the start of transformation at the surface and core
will occur before/after or at the same time as that of inversion of
residual thermal stress. The combinations will yield different
residual stress distributions. Therefore, the residual stresses due
to combined thermal and transformational stresses can be
broadly classified into thermal, transition, and transformation
types, as shown in Fig. 2. In the thermal type, the surface is

Fig. 2. Longitudinal residual stress distribution in the radial direction of a cylindrical steel specimen due to combined thermal and
transformation stresses [16]. Copyright 2010 from Residual Stresses after Quenching by V. Schulze, O. Vohringer, E. Macherauch. Reproduced
by permission of Taylor and Francis Group, LLC, a division of Informa plc
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under compression, and tensile stresses act on the core, whereas
the surface is under tension, but compressive stresses act on the
core for the transformation type. In the transition type, both
surface and core are under compression, and the tensile stress
maxima occur between the surface and the core. Increasing the
section thickness will change the residual stress distribution
from thermal to transformation type, whereas increasing the
quench severity with a smaller diameter specimen will change
the residual stress distribution from transformation to thermal
type (Ref 16).

2.4 Transformation-Induced Plasticity (TRIP)

Transformation plasticity is the excessive plastic strain occur-
ring in the softer austenite phase during cooling due to the
interaction between the thermal and transformation stresses. TRIP
can be explained by the dilatometry experiment where the
specimen undergoing phase transformation from austenite to
product phases is subjected to uniaxial tensile or compressive
stresses. The investigation indicates that with an increase in tensile
or compressive loading, the transformation strain is enhanced in
the direction of loading. TRIP occurs even when the local
equivalent stress is lower than the yield strength of the austenite
phase. Phase transformation occurring in amicro-regionwill result
in a change of shape or volume. The neighboring softer parent
phase accommodates the incompatibility or misfit due to phase
change by plastic yielding. The plastic deformation causes an
irreversible strain, also known as eigen strain, that creates an eigen
stress. Eigen stress is defined as self-equilibrated internal stress
occurring due to one or several eigen strains in the body without
any influence of external force or constraints. The magnitude of
eigen stress varies within the body (Ref 17).

The evolution of TRIP can be explained by two competing
theories or mechanisms (Ref 2, 17-19):

1. Greenwood and Johnson mechanism: This theory sug-
gests that during phase transformation under the influence
of stress in a micro-region, the softer parent phase
(austenite) deform plastically in the region near the pro-
gressing transformation front, causing an irreversible
strain. The mechanism is applicable for both diffusional
and displacive transformation.

2. Magee�s mechanism: This theory suggests that in an iron-
based alloy, the transformation from austenite (FCC) to
martensite (BCT) occurs through 24 types of variants,
each with its lattice orientation relationship. The variants

are described by the dilatational strain perpendicular to
the habit plane and the shear strain parallel to the habit
plane. Only those variants that are favorably oriented in
the applied stress direction will nucleate. According to
this mechanism, deformation of austenite due to marten-
sitic transformation is considered anisotropic and attains
a maximum value in the applied stress direction.

The contribution of both the mechanism describes transfor-
mation plasticity during martensitic transformation. During the
transformation, only those variants oriented in the direction of
applied stress nucleates. The nucleation leads to anisotropic
deformation of austenite, causing TRIP strain. The value of
TRIP strain increases in the applied stress direction and
achieves a maximum value when the applied stress reaches the
yield strength of austenite. As the transformation progresses
further, the TRIP strain decreases in the direction of applied
stress due to stress relaxation resulting from plastic deforma-
tion. As a result, the variants oriented in the internal stress
direction nucleate rather than the applied stress. The applied
stress is the thermal stress developed during quenching.
Magee’s mechanism is dominant during the initial stages of
transformation, and in the later stages, the Greenwood-Johnson
mechanism becomes dominant (Ref 17).

3. Modeling of Quenching Process

The quench hardening process is a coupled phenomenon that
involves the simultaneous occurrence of various physical events
and mutual interaction between the events, as shown in Fig. 3.
Heat transfer (Temperature field), phase transformation (Metal-
lurgical field), and stress/strain evolution (Mechanical field) co-
occur such that the occurrence of one physical event affects the
occurrence of another. Interaction between these physical events
occurs by mutual sharing of one or more state variables. Heat
transfer from the specimen to the quench medium is the driving
force for all other physical events. The transient temperature field
causes phase transformation in the specimen, and the presence of
thermal gradient causes uneven contraction leading to the
evolution of thermal strain. The phase transformation is associ-
ated with the latent heat evolution, which alters the temperature
field. In addition, phase transformation alters themechanical field
by the development of transformation strain. The development of

Fig. 3. Coupled interaction between various fields during the quenching process (modified and redrawn from Ref 2)
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stress/strain in the specimen’s body leads to local plastic
deformation, which releases the stored strain energy in the form
of heat and, hence, affects the temperature field. Since the plastic
deformation occurring during the quenching process is very
small, the heat generated due to plastic deformation is usually
neglected in quenching simulation. The mechanical field also
influences the metallurgical field. The stress/strain developed in
the material affects the critical transformation temperatures and
the transformation kinetics.

3.1 Modeling of Temperature Field

The transient Fourier heat conduction equation (Eq 1) is the
governing equation for the determination of temperature
distribution in the specimen during quenching.

qC _T ¼ r: r kTð Þð Þ þ Q ðEq 1Þ

where q, C, and k are temperature-dependent density, specific
heat, and thermal conductivity of the phase mixture in a
polycrystalline specimen, respectively. Q is the internal heat
generation term due to latent heat evolution during phase
transformation.

The thermophysical properties (P T ; nkð Þ) of the phase
mixture are estimated by the linear rule of mixtures.

P T ; nkð Þ ¼
XN

k¼1

Pknk ðEq 2Þ

Pk is the property of the kth constituent phase and nk is the
volume fraction of the kth phase.

The rate of internal heat generation ( _QÞ is estimated as
shown below.

_Q ¼ Dhk _nk ðEq 3Þ

Dhk is the change in enthalpy per unit volume at constant
pressure and _nk is the phase transformation rate of the kth
phase.

Another method of incorporating latent heat into the heat
conduction equation is in the form of fictitious specific heat
(C*).

C� ¼
XN

k¼1

Cknk þ Dhk
dnk
dT

¼ C þ
_nk
_T
Dhk ðEq 4Þ

The boundary conditions and initial condition for solving
the heat conduction equations are as follows:

The heat flux for the surfaces in contact with the quench
medium is evaluated by:

q Ts; T1ð Þ ¼ h Tsð Þ Ts � T1ð Þ ðEq 5Þ

where TS and T¥ are the surface temperature of the specimen
and ambient or the bath temperature of the quench medium and
h (TS) is the surface temperature-dependent heat transfer
coefficient.

It is assumed that surfaces not in contact with the quench
medium or symmetry surface are insulated, i.e.,

k
@T

@n
¼ 0 ðEq 6Þ

where n is the surface normal.

At time t ¼ 0; T x; y; z; tð Þ ¼ T0 ðEq 7Þ

T
0
is the austenitizing temperature (Ref 2, 17-19).

3.2 Modeling of Metallurgical Field

The phase transformations in steels are classified as diffu-
sion-controlled (transformation from austenite to ferrite, pearlite,
and bainite) and diffusionless or displacive (martensitic trans-
formation) and occur under anisothermal conditions. The
diffusion-controlled phase transformation involves an initial
incubation period and subsequent growth stage. The incubation
period is calculated using Scheil�s additivity rule (Ref 20-22).
According to this rule, the incubation period is complete, or the
phase transformation begins when Schiel�s sum (S) equals unity.
Schiel�s sum is expressed as shown below.

S ¼
Xn

j¼1

Dtj
ss Tj
� � � 1

where Dtj is the time step increment and ss Tj
� �

is the isothermal
time required for the start of transformation at the present
temperature TJ.

After the completion of the incubation period, the growth
kinetics of the diffusion-controlled phase transformation is
modeled using the Johnson–Mehl–Avarami–Kolmogorov
(JMAK) equation (Ref 23).

ntþDt
k ¼ nmax

k ntc � ntk

� �
ð1� exp bk Tð Þ sþ Dtð Þnk Tð ÞÞ

� �

ðEq 9Þ

where ntþDt
k is the volume fraction of the product phase in the

present time step. ntc and ntk are the volume fractions of
austenite and product phase at the previous time step. nmax

k is
the maximum volume fraction of the product phase. For
complete pearlitic or bainitic transformation, nmax

k is equal to
the available volume fraction of austenite at the beginning of
the transformation.

For proeutectoid transformation, the maximum volume
fraction of ferrite (nmax

a ) is calculated from the equilibrium
phase diagram using lever rule.

s is the fictitious time calculated based on the volume
fraction of the kth product phase in the previous time step.

s ¼ � lnð1� nk tð Þ
bk Tð Þ

� � 1
nk Tð Þ

ðEq 10Þ

s is incremented by the time step Dt to obtain the newly
transformed volume fraction. bk Tð Þ and nk Tð Þ are the temper-
ature-dependent time coefficient and exponent, respectively,
calculated from the isothermal transformation diagram.

The diffusionless or martensitic transformation is modeled
using the Koistinen–Marburger (KM) equation (Ref 24).

nm ¼ ncð1� exp �X Ms � Tð ÞÞð Þ ðEq 11Þ

nm is the volume fraction of martensite at the present step,
nc is the volume fraction of austenite, X is a constant whose
value is taken as 0.011 regardless of chemical composition for
most of the steels, and Ms is the martensite start temperature
(Ref 2, 19).

3.2.1 Prediction of Flow Stress of the Phase Mix-
ture. Due to the continuous evolution of the microstructure
during phase transformation, the mechanical properties of the
phase mixture, such as the flow stress, continuously change.
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The linear rule of the mixture is the most common method of
calculating the flow stress. According to this rule, the overall
flow stress is expressed as:

rf ¼
Xp

k¼1

nkr
k
o ðEq 12Þ

where rko is the yield strength of the kth constituent phase.
The linear mixture rule works well when the coexisting

phases’ hardness is comparable. When the coexisting phases
have a significant difference in hardness, Reuss, Leblond,
Voigt, and Geijsalers models are used (Ref 2).

The flow stress equation considering the effect of plastic
memory loss is illustrated by (Ref 19):

rf ¼
Xp

k¼1

nkr
k
o þ

Xp

k¼1

nkjkHk ¼ ro þ
Xp

k¼1

nkjkHk ðEq 13Þ

jk is the strain hardening parameter that accounts for the
plastic memory loss during transformation, and Hk is the plastic
hardening modulus. The strain hardening parameter is calcu-
lated through transformation progress.

_jk tþDtð Þ ¼ r
t

t¼0

_ep � 1

nk
_nkjk tð Þ

� �
dt ðEq 14Þ

ep is the effective plastic strain.

3.3 Modeling of Mechanical Field

Due to different physical events, the overall strain rate
(increment in strain) is decomposed into strain rate terms. The
total strain rate is expressed as shown below.

_eij ¼ _eeij þ _epij þ _ethij þ _eptij þ _etrij ðEq 15Þ

where _eeij, _e
p
ij, _e

th
ij , _e

pt
ij ; _e

tr
ij are the elastic, plastic, thermal, phase

transformation, and transformation plasticity strain rates,
respectively.

The stress field is most commonly simulated, considering
the elastoplastic (strain rate-independent) model. For defining
an elastoplastic problem in a multiaxial case, three funda-
mental principles have to be described, viz., (1) yield
function to determine the yield surface, (2) flow rule to
determine the plastic flow path, and (3) hardening rule to
determine the expansion/shift of yield surface (Ref 25). For
ductile materials such as steel, von Mises yield criterion is
used with Prandtl-Reuss flow and isotropic or kinematic
hardening rules.

The individual strain rate terms are calculated using Eq 16,
17, 18, 20, and 22 (Ref 2, 19).

_eeij ¼
1

E
� 1þ tð Þrij � dijtrmm

E

� �
_E þ rij � dijtrmm

� �
_tþ 1þ tð Þ _rij � dijt _rmm

� 	

ðEq 16Þ

E and t are the elastic modulus and Poisson�s ratio, respec-
tively. Both the parameters are dependent on temperature and
phase fraction of product phases.

_ethij ¼
Xp

k¼1

_nk r
T

0

ak :dT þ nkak _T

� 	
ðEq 17Þ

ak is the thermal expansion coefficient of the kth phase.

_eptij ¼
Xp�1

k¼1

1

3
dijDk

_nk ðEq 18Þ

Dk is the structural dilatation due to austenite transformation
to kth product phase.

Dk ¼
qc

qk � qc
� � ðEq 19Þ

where qc and qk are densities of austenite and kth product
phase, respectively.

_etrij ¼
3

2
Kk

_nk 1� nkð ÞSij ðEq 20Þ

Kk is known as the transformation plasticity constant.

Kk ¼ k
Dk

rco
ðEq 21Þ

is the yield strength of the austenite phase, and the constant k
value lies between 0.25 and 0.83.

_epij ¼ dk
@U
@rij

ðEq 22Þ

where U is the yield functional and dk is the plastic multiplier.

U ¼ F rij
� �

� rf T ; nk ; e
pð Þ

� �2 ðEq 23Þ

F rij
� �

is the applied stress state and rf is the variable flow
stress.

@U
@rij

¼ @F

@rij
and F rij

� �
¼ 3

2
SijSij ðEq 24Þ

Sij is the deviatoric stress tensor.

Sij ¼ rij �
1

3
dijrmm ðEq 25Þ

To relate the stresses and strain rates, a hypoelastic equation
is used as shown below (Ref 2).

_rij ¼ Dijkl _e
e
kl ¼ Dijkl _eij � _epij � _ethij � _eptij � _etrij

� �
ðEq 26Þ

where Dijkl is the elastoplastic constitutive tensor.

4. Application of Simulation to Quenching
of Steels of Different Geometries Under
Varying Quenching Conditions

Table 1 provides details of key research carried out apply-
ing FE simulation of quenching for steels of various compo-
sitions, geometries, and processing conditions.

The works on FE quenching simulation listed in Table 1 use a
constant value of heat transfer coefficient (HTC) to calculate
temperature distribution within the quenched specimen. In practice,
the heat transfer during quenching occurs through various stageswith
significant differences in the HTC. The value of HTC varies
continuously with time and space. Therefore, using a single value of
HTCwouldnotbe justifiable to emulate theactual quenchingprocess.
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Table 1. FE quenching simulations applied to various heat treatment problems

Material type/geometry Comment References

AISI 1541 steel full-float truckload
axle shaft

Induction heating and spray quenching was used to quench-harden the component.
The effect of spray quenching rates on the residual stress distribution and distortion
was analyzed. Due to its cyclic symmetry, a single 3D spline tooth of the axle shaft
was used as the geometric model for simulation. Increasing quenching rates
increased compressive residual stresses at the surface. Both the induction heating
and quenching rates significantly affected the final residual stress state

26

316H stainless steel
(1) cylinder (L/D ratio varied from
0.3 to 3.4)
(2) sphere (r=15 mm)

High triaxial residual stresses are created over the volume of the specimen through
spray water quenching. 2D axisymmetric models of the specimens were used for
simulation. Via incremental hole drilling and neutron diffraction techniques,
simulated residual stresses were compared with measured values. The magnitude
and distribution of triaxial residual stresses were controlled by the surface heat
transfer coefficient and the dimension of the specimen

27

Railway wheels made of low carbon
bainitic-martensitic (LCBM) steels
and pearlitic steels

Thermomechanical simulation involving the effect of martensite phase transforma-
tion on the residual stress distribution was carried out for the spray water
quenching process. A 2D axisymmetric geometry was used for the simulation. A
high level of compressive residual stresses on the wheel’s rim could be developed
by optimizing heat transfer coefficient and quenching process variables such as
duration of quench and location of quenching

28

SAE 5120 Automotive gear The FE simulation was used to model the carburization and quenching process of the
gear and predict the final residual stresses and strains. The FE model was further
used to evaluate the combined effect of residual stresses due to inhomogeneous
phase transformation and applied torque on the gear tooth. The FE model helped
refine the carburization and quenching process to improve compressive residual
stresses on the surface to improve fatigue and wear resistance

29

Railway mono-block wheel 3D FE simulation using the whole geometry was developed. The residual stresses
during the heat treatment process involving austenitizing, spray quenching, and
annealing was analyzed. The magnitude of compressive residual stress distribu-
tion at the rim of the wheel is necessary to predict the component’s fatigue life

30

Stainless steel plate (120 mm x
120 mm x 20 mm

The viscoelastic-plastic (strain rate dependent) model was applied to predict the
residual stress distribution while quenching with 25% PAG polymer solution and
mineral oil. The effect of transformation plasticity and strain rate on residual
stresses was also included in the model. The residual strains produced while
quenching with polymer quenchant were comparable with the mineral oil;
however, the residual stresses were higher for the polymer quenchant

31

1080 carbon steel cylinder (/38.1 mm
9 76.2 mm)

Quenching was performed with water, 6%, and 14% aqueous polymer solutions. The
FE simulation was used to predict the residual stress distribution in the steel
cylinder while quenching in quenchants with different quench severities. The
residual stresses were compressive at the surface and tensile at the core for all
three quenchants. The magnitude of residual stresses was maximum for water. The
increase in polymer concentration decreased residual stresses. The simulated
results were in good agreement with the measured values by the x-ray diffraction
technique

32

Cr12MoV steel cylinder (/20 mm
and L/D = 2.5)

The residual stress distribution while quenching the specimen with water and oil is
simulated using the FE model. The surface heat transfer coefficient is estimated
through the inverse heat conduction method. The residual stresses for both the
quenchants were compressive at the surface and tensile at the core. Oil quenching
showed lower residual stresses than water

33

1045 low alloy steel cylinder (/
50 mm 9 100 mm)

Quenching was performed with water and oil. The FE simulation of the quenching
process was performed, incorporating the effect of stress on the transformation
kinetics of ferrite and martensitic transformation. The accuracy of the prediction of
residual stresses was improved. The model was validated through experimental
measurement

34

Low alloy steel seamless tubes The FE model was used to investigate the effect of discontinuous cooling during
spray quenching of seamless tubes of various diameters. It was observed that the
interrupted cooling had minimum or no effect on the evolution of residual stresses

35
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In most cases, the final residual stress distribution was
compressive at the surface and tensile at the interior. The
magnitude of the residual stress depended on HTC. Higher
HTC increased the residual stress, and decreasing HTC
predicted a lower magnitude of residual stress. The stress
distribution also depended on the section thickness of the
specimen. For a given value of HTC in a cylindrical sample, a
smaller diameter sample showed residual stress maxima
(compressive and tensile) at the surface and core. As the
section thickness increased, the tensile stress maxima shifted
toward the half radius of the sample.

5. Rewetting Phenomena

The phenomenon of heat transfer from the surface of the
specimen to the quench medium in the case of vaporizable
quench media is a complex process involving conduction,
convection, and radiation. The heat transfer occurs through
three distinct stages: film boiling or vapor blanket, nucleate
boiling, and convective cooling stages, as shown in Fig. 4. The
film boiling stage occurs as soon as the hot metal is immersed
in the quench medium. The quenchant in the vicinity of the
heated specimen gets vaporized and forms a vapor envelope
around the metal surface. The vapor film acts as an insulating
layer, and the heat transfer occurs through radiation from the
metal surface and conduction through the film. The vapor film
remains stable until the surface temperature of the sample is
greater than or equal to the Leidenfrost/ rewetting temperature.
In the second stage, i.e., the nucleate boiling stage, the vapor
film is broken, and tiny vapor bubbles form and ascend
vigorously from the metal surface. The heat transfer in this
stage is the maximum and occurs due to strong convective
upward motion of the bubbles. The nucleate boiling stage ends
when the metal surface temperature falls below the boiling
temperature of the quenchant. In the final stage, i.e., the
convective cooling stage, the quenchant is in direct contact with
the metal surface, and the heat transfer occurs through
convection. For each of the three stages, the value of the heat
transfer coefficient differs significantly (Ref 37).

The transition from film boiling to nucleate boiling stage
does not occur uniformly/instantaneously over the entire
sample surface; instead, it happens over a period of time by
forming a local wetting front. Usually, with a cylindrical
sample, wetting front initiates at the bottom of the specimen as
it is the first portion to cool and ascends toward the top (Fig. 5).
As a result, the film boiling and nucleate boiling stages are

simultaneous due to the wetting front movement. The signif-
icant difference in the heat transfer coefficients of film and
nucleate boiling stages causes the oscillation in surface
temperature leading to steep thermal gradients. The rewetting
phenomenon is the primary source of nonuniformity or the
spatial variation in heat transfer that leads to nonuniform
hardening, residual stress, distortion and quench cracking (Ref
37, 38).

6. Estimating Boundary Conditions
for the Simulation of Temperature Field

6.1 The Inverse Heat Conduction Method for Estimation
of Heat Transfer Coefficient

The metal/quenchant interfacial heat transfer coefficient is
generally estimated by solving the inverse heat conduction
problem (IHCP). The IHCP method uses the temperature
measurements taken within the sample to estimate the unknown
boundary heat flux. The method is an iterative procedure
wherein the objective function (Sts) is minimized.

Sts ¼
Xn

i¼1

Xm

j¼1

Yi;tsþj�1 � Ti;tsþj�1

� �2 ðEq 27Þ

The objective function is a least-square norm or the sum of the
square of the error between the measured temperatures (Y) and
calculated temperatures (T). The subscripts i, j, n, m, and ts
represent the thermocouple number, time step number, total
number of thermocouples, incremental time steps, and the current
time step respectively. The total time steps (m) is taken as equal to
future time+1. The future time steps are considered to account for
the thermal gradient and obtain a smoothened output. In
quenching problems where the temperature measurements are
made near the surface, the future time step is taken as 4.

The calculated temperature is obtained by solving the
transient Fourier heat conduction equation for m time steps. An
initial guess of boundary heat flux is made, and the temperature
is calculated at the location where the measurement was made.
The objective function is then minimized by adapting a
suitable iterative procedure. The assumed value of heat flux
is incremented suitably in each iteration until a minimum value
of the objective function is achieved. At the final iteration, the
heat flux value for which the objective function is minimum is
taken as the converged value of heat flux at that particular time
step. Beck�s nonlinear estimation method, Levenberg–Mar-
quardt method, and conjugate gradient method are some of the

Table 1. contiuned

Material type/geometry Comment References

Cylindrical specimen
(/60 mm 9 240 mm)
made of
(1) Plain Carbon steel
(0.4 wt.%C)
(2)42CrMo and 40CrNiMo
alloyed steels

The effect of incorporating transformation plasticity in the FEquenching simulationmodel
while quenching in water was analyzed. The inclusion of transformation-induced
plasticity effect in FE simulation had no effect on the final residual stress state for plain
carbon steels with pearlitic matrix. In contrast, the effect was significant for the alloyed
steels with bainitic andmartensitic matrix. It was attributed to the higher transformation
temperatures associatedwith the pearliticmatrix and lower transformation temperatures
related to the bainitic and martensitic matrix. Higher transformation temperatures led to
the relaxation of transformation-induced plastic deformation

36
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iterative techniques used to minimize the objective function.
Figure 6 shows the various ways in which the output heat flux
(q) is estimated. In case (1), a single value of boundary heat
flux is assumed. In case (2), the boundary is divided into many
numbers of unknown heat flux segments, and in case (3), the
boundary heat flux is assumed to be a polynomial function of
axial length (z). The estimated heat flux in case (1) is only
temporally varying, whereas in case (2) and case (3), the
variation is both spatial and temporal. In case (ii), each heat flux
segment (qi(t), i=1,2,3,4) is estimated for every time step, and
in case (3), the parameters/coefficients (p1, p2, p3, p4) of the
polynomial equation (q(z,t)) are estimated such that the
objective function (Sts) is minimized. The heat flux at any
axial location (z) is obtained by substituting the coefficients in
the polynomial equation. Figure 7 shows the corresponding
heat flux output obtained with each of the three cases. The
effect of rewetting phenomena on the uniformity of heat
transfer is well captured when the spatial and temporally
varying heat flux boundary condition is assumed. The boundary
heat transfer coefficient calculated using the spatiotemporally
varying heat flux would improve the accuracy of predicted
temperature distribution in the quenched sample and improve
the accuracy of predicting microstructure and residual stress
distribution (Ref 39-42).

6.2 Use of Boiling Heat Transfer Correlations
for the Estimation of Heat Transfer Coefficient

Jan and Mackenzie (Ref 43) applied CFD analysis
incorporating the heat transfer correlations for the film

boiling, transition, and nucleate boiling stages to predict the
cooling curves within the quenched specimen. The authors
proposed using local quench severity or local Grossman
number (Hp) acting on an infinitesimal area of the quenched
specimen. Hp varied with space, time, temperature, and
material properties. The use of local quench severity would
distinguish quench severity into separate heat transfer models,
as shown in Fig. 8.

In the specimen, the heat transfer takes place by conduction.
At the liquid/metal interface, conjugate heat transfer takes
place. In the liquid, convection heat transfer, the energy
exchange between liquid and vapor phase and latent heat
absorption during phase change from liquid to vapor phase
occurs. Except for the boiling model, all other heat transfer
models are solved in commercial CFD software using the
Eulerian method, where the mass/momentum and energy
equations are solved. The boiling model is experimental-
specific and requires calibration. The following empirical
equations express the boiling heat transfer model:

Bromley’s equation gives the heat transfer coefficient in the
film boiling regime (Ref 44).

h ¼ 0:62
k3vqv ql � qvð Þg hfg þ 0:4CpvDT

� �

DolvDT

" #1=4

ðEq 28Þ

The change from film boiling regime to transition boiling
regime is characterized by minimum heat flux (qMHF) point
occurring at the Liedenfrost temperature (TLFP). qMHF is
estimated by Zuber and Berenson’s equation (Ref 45, 46).

Fig. 4. (a) Cooling curve and (b) cooling rate v/s temperature curve during quenching indicating various heat transfer stages

Fig. 5. Movement of the rewetting front during quenching of Inconel 600 standard probe in water. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, Metallurgical and Materials Transactions B, Effect of Polymer Concentration on
Wetting and Cooling Performance During Immersion Quenching, G. Ramesh, K.N. Prabhu, Copyright 2015 [38]
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qMHF ¼ 0:09qvhfg
g ql � qvð Þ
ql þ qv

� 	1=2 clv
g ql � qvð Þ

� 	1=4
ðEq 29Þ

The critical heat flux (qCHF) is estimated using Zuber�s
relation (Ref 46).

qCHF ¼ 0:131qvhfg
clvg ql � qvð Þ

q2v

� 	1=4
ðEq 30Þ

The effect of subcooling (cooling the specimen in a quench
bath maintained at a temperature lower than the saturation
temperature of the fluid) on the critical heat flux is estimated as
shown below (Ref 47).
qCHF;subcool
qCHF;sat

¼ 1þ 0:345:Ja:Pe�1=4 ðEq 31Þ

Ja ¼ qlCpDTsub
qvhfg

and Pe ¼ c3=4lv

a g ql � qvð Þ½ �1=4q1=2v

ðEq 32Þ

qMHF and qCHF are then corrected for local variation of heat
transfer with time and surface properties of the specimen as
shown in Eq 32 and 33.

Q
0

MHF ¼ KmhfQMHF ðEq 32Þ

Fig. 6. Axisymmetric model of cylindrical probe used in the inverse method: case(i) single unknown heat flux boundary, case (ii) multiple
unknown heat flux boundary segments, and case (iii) heat flux as a polynomial function of axial length (z) (TC1, TC2, TC3, and TC4 are
locations of temperature measurements and q = 0 indicates insulated boundary)

Fig. 7. Typical estimated heat flux v/s time plot obtained with various inverse models. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Metallurgical and Materials Transactions A, Effect of Bath Temperature on Cooling Performance of
Molten Eutectic NaNO3-KNO3 Quench Medium for Martempering of Steels, K.M.P. Rao, K.N. Prabhu, Copyright 2017 [42]

Fig. 8. Local quench severity acting on an infinitesimal area and
classification of heat transfer between the metal and quenchant into
four different heat transfer models. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature,
Journal of Materials Engineering and Performance, On the
Development of Parametrical Water Quenching Heat Transfer Model
Using Cooling Curves by ASTM D6200 Quenchometer, J. Jan, D.
S. MacKenzie, Copyright 2020 [43]
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Q
0

CHF ¼ KchfQCHF ðEq 33Þ

Kmhf and Kchf are application-specific factors. In addition to it,
another application-specific factor known as dry phase pack
limit (aDPPL), which gives the maximum volume fraction of
vapor phase is calculated. The parameters Kmhf , Kchf ; TLFP and
aDPPL are calibrated by performing the quenching experiment,
after which the boiling heat transfer model is applied to model
the quenching process. The authors have used the cooling curve
analysis method based on the ASTMD6200/ISO9950 standard
(quenchometer) to calibrate the boiling heat transfer model. The
cooling curves obtained by the experiment were parameterized
based on the CHF, minima, and maxima of the second
derivative of the temperature v/s time data for the reconstruc-
tion of cooling curves. The simulated and measured data were
optimized by the use of a parameter known as the cost function.
The cost function provides a correlation between simulated and
measured data. The smaller the cost function value, the closer
the predicted data is to the experimental results.

Vorster et al. (Ref 48) modeled the residual strain distribu-
tion while quenching a 316L stainless steel cylinder in a water
bath. The thermal boundary condition was modeled using the
empirical boiling heat transfer correlations. The different
cooling regimes during cooling, i.e., film boiling, transition
boiling, nucleate boiling, were modeled using the boiling heat
transfer correlations. The thermal boundary conditions calcu-
lated from the empirical equations for various degree of
subcooling (DTsub) are shown in Fig. 9. The elastic residual
strain distribution was modeled using the FE simulation.
Experimental measurements of residual stress by neutron
diffraction was used to validate the simulation. Figure 10(a)
shows the simulated and measured residual strain distribution.
It was observed that the accurate representation of the thermal
boundary condition improved the accuracy of the prediction of
residual strains. Although the increase in subcooling had a
comparable critical heat flux (CHF), the path traced by the
transition boiling differed significantly. The increase in sub-
cooling showed a rise in rewetting temperature (Liedenfrost)
and the length of transition boiling stage. The effect of
subcooling on the residual strain distribution showed that the
increase in subcooling increased the residual elastic strain. The
region of strain field was observed to extend toward the center
of the specimen, as shown in Fig. 10(b). Therefore, the
variation of transition boiling stage or the path traced by the
rewetting phenomena significantly affects the final residual
stress distribution in the quenched specimen.

Juarez et al. (Ref 49) investigated the sensitivity of surface
heat transfer coefficient (HTC) on the accuracy of prediction of
residual stresses in quenched 304L stainless steel Jominy end
quench specimen. The specimen dimension was /25 mm 9
100 mm. The heated specimen was cooled by a water jet at the
bottom end. The heat transfer coefficient at the quenched end
was estimated using the inverse method. The heat transfer
coefficient (HTC) was varied by providing ± 10 KW/m2 HTC
shifts, ± 100�C temperature shifts, and combined HTC and
temperature shifts. The predicted residual stresses were vali-
dated by experimental measurement by the contour method. It
was observed that the FE model overestimated maximum
tensile residual stress by about 20%, and the compressive

residual stress maxima were underestimated. However, the
position of occurrence of maxima was accurately predicted.
Furthermore, no significant influence on residual stress distri-
bution was shown by the variance of HTC and temperature
shifts. Nevertheless, the negative HTC and temperature shifts
and their combination reduced the magnitude of tensile residual
stress and shifted its maxima position toward the quenched end.
The compressive residual stress remained unchanged with
variation in HTC. Since no phase transformation is involved,
the overestimation of tensile residual stress was attributed to the
plasticity effect due to the twinning of austenite grains during
quenching.

The boiling heat transfer correlation for predicting temper-
ature distribution requires the thermophysical properties of the
quenchant in both liquid and vapor phases and their latent heat.
In the case of standard liquids such as water, these properties
are readily available. These properties are to be measured for
quenchants such as oil, aqueous polymer, nanofluids, and
molten salts. In addition, the heat transfer with oil and polymer
media includes a certain level of decomposition of quenchant
near the metal/quenchant interface. With nanofluids, the
nanoparticles suspended in the liquid show a different heat
transfer mechanism.

Furthermore, the nanoparticles adhere to the heated metal
surface, causing premature destabilization of vapor film.
Therefore, boiling heat transfer correlations for modeling the
thermal boundary condition would not be suitable in such
cases. On the other hand, the inverse heat conduction method is
a more convenient method for estimating the boundary heat
transfer coefficient as the estimation is based on the thermal
history inside the specimen and is therefore impervious to the
changes occurring at the metal/quenchant interface.

7. Application of Artificial Neural Network Model
for Prediction of Residual Stress

Machine learning algorithms such as the artificial neural
network (ANN) are used to simulate highly nonlinear systems
that cannot be solved with a simple regression model. The
neural network is an interconnection of small units known as
perceptron (the equivalent of biological neurons). The most
common neural network architecture is the feed-forward
network consisting of the input, hidden, and output layers.
Initially, the training of neural networks is done with a set of
known input/output data. Training estimates the synaptic
weights corresponding to each neuron such that the global
error of prediction is minimized (Ref 50). Finally, the validation
is done with a set of test data. In quenching, the ANN model is
applied in combination with the FE simulation. The predicted
output from the FE quenching simulation is used to train and
validate the ANN model.

Bouissa et al. (Ref 51) used 3D FE simulation with ANN to
predict the boundary heat transfer coefficient while quenching a
large steel forged block. The ANN model was trained using the
output of the FE simulation. The calculated cooling curves
within the forged block were input. The ANN architecture was
a feed-forward network with a single hidden layer. The mean
absolute prediction error by the ANN was less than 1.47%.
Toparli et al. (Ref 52) investigated the ANN prediction
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efficiency of cooling curves and longitudinal thermal residual
stress in AISI 1020 steel cylinders of various diameters
quenched in water from 600 �C. The ANN was feed-forward
with three hidden layers. The diameter, height of the cylinder,
and cooling time were the input to the model. The output
predicted the cooling curves at the surface and the center. A
similar ANN was used to predict longitudinal residual stress
where the output layer consisted of residual stresses at the
center and surface. The FE quenching simulation output was
used to train and validate the ANN. The predicted ANN output
precisely matched the FE output. In addition, the computation
time was drastically reduced. The simulation completion took
2 h in the FE process, whereas the ANN took only 15 minutes
in an 800Hz processing speed computer.

Similar ANN models in conjunction with FE simulation
have been used by Hanza et al. (Ref 53) and Rao and Prabhu
(Ref 54) for predicting hardness during the heat treatment
process. The ANN algorithm has shown excellent prediction
accuracy.

8. Factors Affecting Residual Stress
during Quenching

8.1 Effect of Specimen Geometry and Section Thickness
on the Residual Stress

The difference in the cooling rates across the specimen
during quenching cause substantial temperature difference that
lead to a thermal gradient. If the thermal gradient is large,
unequal contraction and the differential cooling between the
surface and the core of the specimen cause the unequal thermal
and transformation stress distribution in the specimen. For a
thin specimen such as sheet metals, the quenching stresses are
enough to distort or warp. For the specimen with a large section
thickness, the bending and warping forces are resisted by its
geometrical configuration. Thus, high residual stresses are
induced in the specimen, leading to dimensional instability
during the component’s service life (Ref 9, 55).

Fig. 9. Thermal boundary conditions estimated using empirical heat transfer correlations. From Influence of Quenchant Hydrodynamics and
Boiling Phase Incipient Temperature Shifts on Residual Stress Formation, W. J. J. Vorster, M. W. Van Der Watt, A. M. Venter, E. C. Oliver, D.
G. L. Prakash, A. M. Korsunsky, Heat Transfer Engineering, 2009, reprinted by permission of the publisher (Taylor & Francis Ltd, http://www.t
andfonline.com) [48]

Fig. 10. (a) Residual strain distribution (b) effect of subcooling on residual strain distribution (err -radial residual strain and ehh-tangential
residual strain). From Influence of Quenchant Hydrodynamics and Boiling Phase Incipient Temperature Shifts on Residual Stress Formation, W.
J. J. Vorster, M. W. Van Der Watt, A. M. Venter, E. C. Oliver, D. G. L. Prakash, A. M. Korsunsky, Heat Transfer Engineering, 2009, reprinted
by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com) [48]

Journal of Materials Engineering and Performance Volume 31(7) July 2022—5173

http://www.tandfonline.com
http://www.tandfonline.com
http://www.tandfonline.com


The quench specimen parameters such as size, geometry, and
material properties significantly affect the heat transfer rate from
the specimen surface during quenching and, in turn, affect the
temperature distribution, residual stress and distortion of the
component. Ramesh and Prabhu (Ref 56) investigated the effect
of the quench component size, geometry (plate, cylinder, and
sphere), and material type (Silver, Copper, Nickel 200, Stainless-
Steel and Inconel 600) in combination with the boundary heat
transfer coefficient on the mean cooling rate of the component. It
was observed that the size of the component and the material
property majorly affected the mean cooling rate. Furthermore, a
dimensionless cooling parameter L2CR=awas defined (L—char-
acteristic length, CR-mean cooling rate, a—thermal diffusivity).
The cooling parameter was found to vary exponentially with the
Biot number (hL=k) as shown below.

L2CR

a
¼ aþ be�cBi ðEq 34Þ

a, b and c are the regression constants, and Bi is the Biot
number. The experiment showed that for Biot number greater
than 0.8, the component’s geometry was the dominant param-
eter controlling the mean cooling rate. The section thickness of
the specimen influences the heat transfer during quenching. The
effect is visualized by the change in heat flux magnitude at the
metal/quenchant interface. Nayak and Prabhu (Ref 57, 58)
investigated the effect of section thickness on the metal/
quenchant interfacial heat flux by quenching 304 stainless steel
and plain carbon steel probes (AISI 1045 and 1090) of 25 and
50 mm diameter while quenching in vegetable oils and mineral
oil. The estimated heat flux indicated that the increase in the
section thickness increased the maximum heat flux value. A
similar observation was found by Babu (Ref 59), where
quenching was performed with a stainless-steel probe of
varying diameters in water. Ramesh and Prabhu (Ref 60)
investigated the effect of surface heat transfer coefficient on the
average cooling rate of the stainless-steel quench probe of
various section thicknesses. It was observed that for small
diameter probes, the mean cooling rate at the center of the
probe varied linearly with the heat transfer coefficient. How-
ever, for higher diameter probes, the variation was exponential.
The authors further suggested a critical diameter above which
the effect of section thickness on cooling rate becomes
negligible for any boundary heat transfer coefficient. An
empirical model (Eq 35) was proposed correlating the mean
cooling rate (CR) of the quench probe with the diameter (D) of
probe and severity of cooling media, which is quantified by the
Grossmann number (H).

D2CR ¼ 2HkD

1625:06þ 47:1874HkD� 46:2037
ffiffiffiffiffiffiffiffiffiffi
HkD

p ðEq 35Þ

k in Eq 35 refers to the thermal conductivity of the quench
probe.

Gur (Ref 61) investigated the effect of the specimen’s
geometry on the residual stress formation through the X-ray
diffraction technique. Steel cylinders having varying hole
diameters and eccentricity ratios were used in the study.
Changing the eccentricity ratio provided a continuous change in
the thickness along the circumference of the specimen. It was
observed that the surface tangential residual stress changed sign
from compressive to tensile as the hole diameter increased.
Eccentricity resulted in a complex pattern of residual stress
distribution along the circumference of the specimen. The thin

section often showed tensile residual stress, and the thick
section showed compressive stress. Increasing the hole diam-
eter increased the magnitude of residual stress and even resulted
in cracking. The effect of eccentricity was decreased with the
increase of hole diameter. The result holds good for steels of
low hardenability. The effect of hole diameter and eccentricity
was not pronounced with higher hardenability steels as they
produced more or less uniform microstructure throughout the
specimen. Simsir and Gur (Ref 62) further analyzed the effect
of hole diameter and eccentricity on the residual stress
distribution using the 3D finite element (FE) simulation. The
results indicated that the quenching model could efficiently
predict the residual stress distribution in an asymmetric
geometry. The changes in residual stress distribution were
susceptible to the small changes in eccentricity and hole
diameter.

8.2 Cooling Uniformity

In the quenching process, the uniformity of heat removal
from the surface of the specimen plays a significant role in
minimizing residual stress and distortion of the specimen.
Nonuniform cooling is one of the main reasons for distortion
and cracking. Nonuniformity in cooling during quenching arise
due to the rewetting phenomena occurring at the metal/
quenchant interface. Ramesh and Prabhu (Ref 63) studied the
axial and radial variation in temperature distribution while
quenching a simple cylindrical probe in mineral oil. The
temperature measurements were made at various axial and radial
locations of the probe with the help of thermocouples. The
inverse heat conduction method estimated the spatially varying
transient surface heat flux. The axial variation in the heat flux
was observed to be about 171 kW/m2 in the vapor blanket stage
and 498 kW/m2 in the nucleate boiling stage. In the radial
direction, the variation in the surface heat flux was 35 and
195 kW/m2, respectively. The significant heat flux variation was
attributed to the nonuniformity caused by the motion of the
wetting front and its irregular geometry. Figure 11 shows the
uneven temperature distribution in axial and radial directions of
the Inconel 600 probe while quenching in mineral oil.

Figure 12(a) and (c) shows the variation of wetting front
velocity and rewetting temperature along the probe length
while quenching a cylindrical metallic probe in brine and
polymer quenchants, respectively. Figure 12(b) and (d) shows
the corresponding effect of wetting front movement on the peak
heat transfer coefficients (HTC) and HTCs at 705, 550, 300,
and 200 �C for brine and polymer quenching, respectively. It is
observed that the magnitude of HTC depends on the magnitude
of wetting front velocity. Higher wetting front velocity yields
higher HTC values. The spatial variation of wetting front
velocity and rewetting temperature depends on the mode of
heat transfer taking place at the metal/quenchant interface.
Brine quenchant showed a random nature of rewetting and
hence nonuniform wetting front motion, whereas with the
polymer quenchant, the wetting initially occurred with the
collapse of the polymer film and subsequently the movement of
the wetting front from the bottom to the top of quench probe.
The more vigorous cooling in brine increased the magnitude of
HTC, but the spatial uniformity of HTC was less compared to
that with the polymer quenchant. The wetting front/rewetting
velocity was measured by video recording the quenching
process and the estimated interfacial heat flux versus time plots
at various axial locations (Ref 64).
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Figure 13 shows the dependency of the magnitude of metal/
quenchant interfacial heat flux on the wetting front (rewetting)
velocity. The wetting front velocity measurement and the heat
flux estimation are performed for an Inconel 600 cylindrical
standard quench probe (ISO 9950). Since the Inconel 600 does
not undergo phase transformation, the estimated heat flux could
be used to compare the cooling performance of various
quenchants. In the figure, the pattern shows an increasing
trend of heat flux with increased wetting front velocity.
Figure 14 shows the effect of wetting front velocity on the
spatial variation of heat flux along the axial direction. It is
observed that the variation of heat flux depends not only on the
wetting front velocity but also on the type of quenchant used.

The vegetable oils and pure PAG (polyalkylene glycol)
grouped into cluster 6 displayed wetting front velocities in the
range of 2.5-20 mm/s and showed the lowest spatial variation
of heat flux (50-150 kw/m2). Although the mineral oils,
martempering oils, and 75% PAG in water showed lower
wetting front velocity (5-10 mm/s), the spatial variation of heat
flux was higher than vegetable oils (150-250 kW/m2). Clusters
1, 2, and 5 consist of water, water-based nanofluids, and
aqueous polymer solutions. The wetting front velocity for these
groups of quenchants is spread over a broader range and
showed a higher spatial variation of heat flux. Brine quenchant
with the highest wetting front velocity (44.85 mm/s) showed
the maximum spatial variation of heat flux (646 kw/m2).

Higher heat flux variation with water-based nanofluids, aqueous
polymer and brine could be attributed to different heat transfer
mechanisms than conventional oil quenchants. In nanofluids,
the nanoparticles form a colloidal solution with the base fluid.
The mechanisms such as the Brownian motion, liquid layering,
phonon transport, and the clustering of nanoparticles differ the
heat transfer mechanism from that of conventional liquids (Ref
73). In addition, the deposition of nanoparticles on the metal
surface while quenching in nanofluids could create a higher
spatial variation of heat flux (Ref 74). In the case of PAG
polymer solution and brine, explosive type of wetting is
observed, leading to a substantial increase in wetting front
velocities and the spatial variation of heat flux (Ref 64).
Figure 15 shows the effect of wetting front velocity on the
Leidenfrost or the minimum film boiling temperature. An
increase in Leidenfrost temperature usually indicates a shorter
film boiling duration. The mineral oils showed the lowest
Leidenfrost temperature, followed by vegetable oils, martem-
pering mineral oils, and water-based nanofluids. Water and
aqueous polymer solution showed the highest Leidenfrost
temperatures.

Figure 16 shows the effect of rewetting time on the spatial
variation of heat flux in the circumferential direction. The
variation of heat flux along the circumferential direction is
mainly due to the geometry of the wetting front. The
irregularities in the geometry of the wetting front could be

Fig. 11. Temperature distribution in the cylindrical quench probe while quenching in mineral oil, (a) axial temperature variation and (b) radial
temperature variation. Reprinted from Experimental Thermal and Fluid Science, Vol 54, G. Ramesh, K. N. Prabhu, Assessment of Axial and
Radial Heat Transfer During Immersion Quenching of Inconel Probe, pages 158-170, Copyright 2014, with permission from Elsevier [63]
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quantified by measuring the difference in the rewetting time
along the circumferential direction. Oil quenchants (veg-
etable and martempering mineral oils) and high concentration
aqueous polymer solutions showed the lowest heat flux
variation along the circumferential direction. Water, low
concentration PAG (5, 10 and 25%) in water and brine showed
the highest circumferential variation due to explosive type of
wetting. Conventional mineral oils, fast mineral oils, 50% PAG/
water, and 4% PVP polymer solution showed a moderate heat
flux variation in the circumferential direction. The data for
Fig. 13, 14, 15 and 16 are obtained from references (Ref 38, 64-
72)

Rao and Prabhu (Ref 75-77) studied the nonuniformity in
heat transfer while quenching an Inconel 600 quench probe
with neem oil at higher bath temperatures, hot oil (martemper-
ing mineral oil), binary and ternary molten salt bath (NaNO3-
KNO3 and KNO3-NaNO3-NaNO2) quench media. The unifor-
mity of heat extraction was quantified by a parameter EZ,
defined as the normalized energy extracted along the length of
the probe (z). EZ was calculated as shown in Eq 36. Figure 17(a)

Fig. 12. Spatial variation of wetting front velocity, rewetting temperature and heat transfer coefficients along the axial length of the ISO 9950
cylindrical probe for brine and polymer quench media. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Metallurgical and Materials Transactions B, Spatial Dependence of Heat Flux Transients and Wetting Behavior During Immersion
Quenching of Inconel 600 Probe in Brine and Polymer Media, G. Ramesh, K.N. Prabhu, Copyright 2014 [64]

Fig. 13. Effect of wetting front velocity on the magnitude of the
peak heat flux [38, 64-72]

5176—Volume 31(7) July 2022 Journal of Materials Engineering and Performance



and (b) shows the variation of energy extracted from the surface
along the length of the probe for hot oil and neem oil,
respectively. Figure 17(c) shows the variation of normalized
energy extracted along the length of the quench probe for
molten salt baths. A more significant variation of EZ along the
probe length indicates nonuniform heat transfer.

EZ ¼
r
t
0 q t; zð Þdt

max r
t
0 q t; zð Þdt

� � ðEq 36Þ

where q(t,z) is the spatial and temporally varying heat flux.
Racking arrangement, rate of immersion, and agitation are

the other factors affecting the uniformity of heat transfer during
quenching. Racking is essential when quenching has to be
performed in batches. The specimens are positioned inside the
furnace with the help of a rack, clamps, wires, steel baskets, and
other fixtures. The racks, clamps, or fixtures should be neither
too tight to accommodate the thermal expansion during heating
of the specimen nor too loose to avoid sagging of part. The
specimens should not be spaced too closely. Due to thermal
expansion during heating, specimens will come in contact with
each other, and as a result, contact pressure develops. The

specimen will resort to warpage or distortion to relieve the
contact pressure and conform to the confined space (Ref 8).
Garcia et al. (Ref 78) investigated the effect of immersion rate
on the microstructure, hardness, residual stress, and distortion
of SAE 5160 rectangular steel plates. Immersion rates of 10,
20, 60,100 and 140 mm/s were used. It was observed that the
immersion rates above 60mm/s showed a higher volume
fraction of martensite, higher hardness, lower residual stress,
and distortion. The effect of immersion rates on the residual
stress and distortion of the samples was significant. Increasing
immersion rates showed a decreasing trend of residual stress
and distortion.

Agitation of quench medium helps in early and uniform
rupture of the vapor blanket stage and thereby improves
uniformity of cooling. The agitation rate has to be maintained
optimum. Low agitation rate has minimal effect on elimination
of vapor blanket stage whereas, excessive agitation causes
strong turbulence across the specimen surface. The material
being soft at a higher temperature may distort due to higher
fluid pressure (Ref 9, 58). Sedighi and McMohan (Ref 79)
investigated the effect of quenchant (oil) flow speed and part
orientation on the heat transfer coefficient and subsequent

Fig. 14. Variation of heat flux along the axial direction with the increase in wetting front velocity [38, 64-72]

Fig. 15. Effect of wetting front velocity on rewetting/Leidenfrost temperature [38, 64-72]
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residual stress development in the material. The study showed
that the careful control of oil speed combined with proper part
orientation could help achieve uniformity in residual stress
distribution.

8.3 Quenchant Selection

Nunes et al. (Ref 80) investigated the effect of austenitizing
temperature, time, and type of quenchant (oil and water) on the
hardness and distortion of AISI 4340 steel using ANOVA
analysis. A distortion study was performed using the Navy C-
ring specimen. The result indicated that the type of quenchant

had a significant effect on the hardness and distortion of the
specimen. Therefore, an appropriate quenchant with a suit-
able combination of parameters has to be selected to minimize
the distortion. The quenchant under consideration should meet
the following criteria (Ref 8): (1) The cooling rate offered by
the quenchant should be high enough to surpass the critical
cooling rates for the metal or alloy being quenched for
achieving desirable mechanical properties. (2) The cooling rate
must be slow enough in the martensitic transformation range to
minimize distortion in the quenched component. Therefore, for
selecting the quenchant, two critical parameters need to be
known. (1) The quench sensitivity or hardenability of the alloy

Fig. 16. Effect of rewetting time on the spatial variation of heat flux in the circumferential direction [38, 64-72]

Fig. 17. Variation of Ez along the quench probe length quenched in (a) hot oil, (b) neem oil at various bath temperatures and (c) normalized
Ez for KNO3-NaNO3 molten salt baths of various compositions. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Journal of Materials Engineering and Performance, Assessment of Cooling Performance of Neem Oil for Distortion Control in
Heat Treatment of Steel, K. M. P. Rao, K. N. Prabhu, Copyright 2020 and Springer Nature, Journal of Materials Engineering and Performance,
Compositional and Bath Temperature Effects on Heat Transfer During Quenching in Molten NaNO3-KNO3 Salt Mixtures, K. M. P. Rao, K. N.
Prabhu, Copyright 2020 [75-77]
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to assess the required severity of quench medium and (2) the
cooling characteristics of quenchant at various temperature
ranges. The Grossman H value substantiates the quench
severity. The H value typically ranges from 0.1 (for oil medium
with no agitation) to 5.0 (brine solution) or more (High-
pressure fluid). Low hardenability steels require a quench
medium with high quench severity. Quenching optimal and
higher hardenability steels with a high quench severity medium
will increase the propensity of distortion and cracking due to
high thermal stress (Ref 9). The cooling characteristics of the
quenchant depend on its thermophysical properties (Ref 81).
The heat transfer characteristics of a quench medium are
assessed by cooling curve analysis according to ASTM D6200
and ISO 9950 standards with a standard probe made of Inconel
600 alloy (Ref 82). Prabhu and Ramesh (Ref 83) proposed a
quantitative model for predicting the cooling rate of the Inconel
600 quench probe while quenching in various quench medi-
ums. By knowing the thermophysical properties of quench
medium such as the thermal conductivity (k), kinematic
viscosity (t), surface tension (clv), and equilibrium contact
angle or wetting angle (h) the mean cooling rate could be
estimated. The mean cooling rate between 730 and 260 �C
(CR730-260) of the probe was correlated with the thermophysical
properties of the quench medium as shown below.

CR730�260 ¼
v

2259:27þ 0:007vþ 4:15
ffiffiffi
v

p ðEq 37Þ

where v ¼ k
tclvcosh

The equation provided a good prediction of cooling rate for
v in the range of 6667-2.44 9 108 m�1 K�1.

Figure 18 shows the effect of fluid flow properties such as
kinematic viscosity and solid–liquid interfacial tension of the
quench media on the wetting front velocity. The solid–liquid
interfacial tension (csl) is calculated from the Young–Dupre
equation given by:

csl ¼ csv � clv cos he ðEq 38Þ

csv and clv are surface energy of the solid substrate and the
surface tension of the liquid, respectively. he is the equilibrium
contact angle. Since csv is substrate dependent, the term
clv cos he gives an approximation of solid/liquid interfacial
tension for various quenchants.

It can be observed from Fig. 18 that the wetting front
velocity decreases steeply with the increase in viscosity. The
viscosities in the range of 0.5-2 mm2/s (thin fluids) have shown
high wetting front velocities (20-45 mm/s). Thicker fluids such
as oils and high concentration polymer solutions have lower
wetting front velocity (< 20 mm/s). clv cos he also shows a
decreasing trend of wetting front velocity. As clv cos he
increases, csl decreases, causing an extended film boiling stage
and, as a result, lower wetting front velocity leading to
nonuniform heat transfer and decrease in the magnitude of heat
flux (Ref 38).

Figure 19 shows the effect of thermal conductivity, kine-
matic viscosity, and the solid/liquid interfacial tension on the
magnitude of peak heat flux.

The average value of peak heat flux decreased with an
increase in viscosity and clv cos he, whereas it increased with
the increase in the thermal conductivity of the fluid. The trend
of average peak heat flux roughly shows an exponential
decrease with viscosity and linear behavior with thermal
conductivity and clv cos he, respectively. The contact angle

(he) indicates the degree of wettability of the quench medium
on the surface of the quenched sample. Typically, a lower
contact angle (less than 90�) indicates good wettability. As he
decreases, the value of cos he approaches unity, and as a result,
the value of clv cos he increases. The increase in clv cos he
decreases the value of solid/liquid interfacial tension. Thus, it
could be inferred that a very low contact angle (say < 20�)
stabilizes the vapor film leading to lower rewetting velocity,
decreased peak heat flux value, and an increase in nonunifor-
mity of heat transfer. The wettability is not solely a quenchant
property but also depends on the surface roughness of the
quenched sample. For oil quenchants (high viscosity), the lower
surface roughness of the sample increases the wettability and
heat transfer rate, whereas, for water or brine (low viscosity), a
higher value of surface roughness shows increase in wettability
and heat transfer rate (Ref 84). The data for Fig. 18 and 19 were
obtained from the references (Ref 38, 64-72). Table 2 shows the
thermophysical properties of various quenchants, the rewetting
velocity, and the magnitude of peak heat flux obtained while
quenching with the cylindrical Inconel 600 standard probe.

Table 3 compares the viscosity of quenchants, the heat
transfer coefficient (HTC), and residual stress developed after
quenching. For oil quenchants, it is observed that very high
viscosity (ESBO) and very low viscosity (FAME) decrease
HTC and increase the magnitude of residual stress. The
viscosity of oils roughly in the range of (20-60 cSt) has shown
residual stress in the range of 100-300 MPa without any
significant reduction in HTC. The higher viscosity of oil
quenchants is usually associated with higher boiling tempera-
ture, and therefore the film boiling stage is minimal or absent
(Ref 85). The increase in the residual stress in high-viscosity
quenchants could be attributed to insufficient fluid circulation
in the vicinity of the heated specimen, whereas in the low-
viscosity quenchants, nonuniformity of heat transfer due to
rewetting phenomena is the predominant cause for the increase
in residual stresses.

The concerns related to global warming and environmental
pollution with mineral oil quenchants have led to a search for
alternative eco-friendly quenchants that are biodegradable.
Vegetable oils, nanofluids, molten salts, and aqueous polymer
quenchants have been developed in this context. However, the
heat transfer aspects of these quenchants and the corresponding
effect on hardness have been extensively discussed. The effect
of quench media on residual stress formation has not been well
explored. More work needs to be done in this area to arrive at a
general understanding of the effect of quenchant on the residual
stress evolution, which would undoubtedly help the heat-
treaters select appropriate quenchants.

9. Distortion and Quench Defects

The navy C-ring test is the standard method used to analyze
the quenchant effect on a steel grade distortion. The C-ring
consists of a gap opening and a continuously varying thickness
along the circumferential direction in the shape of the alphabet
C. The gap widening or contraction after quenching is used to
compare the percentage distortion associated with various
quenchants. Table 4 shows the percentage distortion measured
through the Navy C-ring test with various quenchants.

The distortion of the material leads to the formation of
quench cracks during quenching. Both the material properties
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and the heat-treating conditions affect the formation of quench
cracks. The properties include geometry, chemical composition,
and surface conditions. The process conditions consist of
nonuniform heating, wrong choice of austenitizing temperature,
overheating, burning, and incorrect quenching (Ref 93). The
quenchant properties that affect quench cracking are the quench
severity and quench uniformity.

Quench cracks occurs due to the nonuniform heat transfer
on the surface as well as within the component. On the surface,
nonuniform cooling leads to differential contraction. The
delayed contraction on the gradual cooling region causes pull
stress, leading to pull cracking. On the other hand, nonuniform
cooling within the component causes push stress. The outer
region cooling first undergoes contraction, causing tensile stress
in the region. The interior region is slowly cooled and
undergoes compression. The compressive or push stress on
the interior region causes a push crack on the fast-cooled
exterior surface. Pull cracking is mainly due to nonuniform
cooling from austenitizing temperature to the martensite start
temperature, whereas push cracking is due to the nonuniform
cooling in the martensite transformation temperature range.
However, cracking in both cases occur between MS and Mf

temperature range. Quench cracking is primarily facilitated by
stress raisers such as sharp edges, rapid change in the area,
notches, segregation of impurities, carbides, and inclusions
(Ref 94).

Figure 20 shows the quench crack propagation in the
intergranular region of austenite grain boundaries due to sulfide
segregation at the grain boundaries. The crack propagated due to
the improper selection of austenitization temperature (Ref 93).
Figure 21 shows the quench crack propagation along the surface
of a cylindrical AISI 52100 steel probe quenched in distilled
water and carbonated water quenchants. The presence of a hole
drilled near the specimen’s surface for inserting a thermocouple
for measuring temperatures might have acted as a stress raiser
and aided the crack propagation during quenching (Ref 95).

10. Minimizing Residual Stresses and Distortion
during Quenching

The residual stresses in a material due to quenching cannot
be eliminated but could be significantly reduced. Some of the
quenching methods could be adapted to minimize residual
stresses, distortion, and cracking of the material.

10.1 Interrupted Quenching Techniques

The steels are rapidly cooled from austenitizing temperature,
held above MS for a specific time, and then cooled in air. Hot
oils, molten salts, and molten metals are used for this purpose.

Fig. 18. Effect of (a) Kinematic viscosity and (b) Solid/liquid interfacial tension of the quenchant on the wetting front velocity [38, 64-72]

Fig. 19. Effect of (a) thermal conductivity, (b) kinematic viscosity, and (c) solid/liquid interfacial tension on the magnitude of heat flux
transient during quenching [38, 64-72]
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The isothermal cooling temperature and time depend on the
type of steel and its section thickness. The objective of
interrupted quenching techniques is to minimize the residual
stresses due to martensitic transformation, which is the primary
cause of distortion and cracking. Some of the commonly used
interrupted quenching techniques are marquenching (martem-
pering), austempering, modified marquenching, time quench-
ing, and controlled pressure quenching (Ref 9, 94)

• Marquenching is used to achieve temperature equalization
between the surface and the core of the specimen above MS

temperature to minimize the thermal gradient while pro-
ceeding through the martensite transformation stage. This
will ensure that the martensite transformation will occur
uniformly throughout the cross section of the specimen.

• In modified marquenching, the specimen is cooled in a
quench bath maintained below the MS temperature. It is
used for the steels of low hardenability where high quench
severity is required.

• In austempering, the steel is rapidly cooled from austeni-
tizing temperature to an intermediate temperature between
MS and the nose temperature of the TTT curve. The speci-
men is held at that temperature for a certain time until all
austenite completely transforms into bainite. Bainitic
microstructure improves ductility and wear resistance.
Although the hardness of bainite is lower than the marten-
site, the distortion produced with austempering is lower
than quenching and tempering.

• Time quenching consists of rapidly cooling of the speci-
men in a high quench severity medium until the tempera-
ture falls below the nose of the TTT curve and then
transferring to another quench medium with less quench
severity where it is allowed to cool slowly in the marten-
site transformation range.

• Controlled pressure quenching is applied for vaporizable
oil quenchants of high viscosity. The vapor film formed at
the initial quenching stage is destabilized by decreasing
the surface pressure of the quench medium. Thus, unifor-
mity in cooling is improved.

10.2 Restraint Quenching Techniques

In these quenching techniques, the specimen is held in
fixtures such as dies, press, and plugs. The quenchant is
allowed to flow in a controlled manner. The fixtures constrain
the distortion or dimensional changes. Press quenching and
plug quenching are some types of restraint quenching tech-
niques. These techniques are generally used for a specimen that
undergoes high distortion in immersion quenching (Ref 9).

10.3 Intensive Quenching

Intensive quenching was developed by Kobasko in the mid-
1960s. Also known as extreme quenching or shell hardening. It
is based on the theory that increasing the cooling rate in the
martensitic transformation range increases the tendency of

Table 2. Thermophysical properties of various quenchants along with their wetting front velocities and average heat flux
obtained while quenching with standard Inconel 600 probe

Quenchant

Thermal
conductivity,

W/m-k

Kinematic
viscosity ,
mm2/s

Solid/liquid
interfacial tension, clvcosh)

(mN/m

Average
wetting front

velocity,
mm/s

Maximum
average heat
flux, MW/m2 References

Water 0.594 0.975-1.52 2.52-8.45 20.94 4.81 38
5% PAG/water 0.505 1.35 8.45 33.78 5.34
10% PAG/water 0.425 1.86 16.49 26.52 4.22
25% PAG/water 0.302 3.70 26.71 14.18 3.71
50% PAG/water 0.251 8.59 27.97 150 3.15
75% PAG/water 0.234 25.82 28.72 7.305 1.703
100% PAG 0.218 51.113 30.73 6.95 0.7191
Brine 0.575 1.0125 3.707 44.85 5.55 64
4% PVP polymer/water 0.57 1.768 13.88 24.63 2.97
Neem oil 0.154 100.248 37.98 8.81 1.20 65, 67
Karanja oil 0.152 62.96 36.08 6.60 1.545
Palm oil 0.154 59 38.35 16.07 1.445
Sunflower oil 0.151 44.34 36.86 10.68 1.63 66
Gingelly oil 0.159 60.30 37.45 15.45 1.628
Coconut oil 0.148 42.02 35.35 18.71 1.69
Conventional mineral oil 0.125-0.132 27.78-64.83 31.33-36.83 2.37-7.87 1.25-1.30 68
Accelerated Mineral oil 0.126-0.128 16.93-57.43 32.29-39.24 10.03-15.73 1.85-2.18
Martempering mineral oils

(hot oils)
0.135 132.13-214.542 36.28-37.86 7.01-9.67 1.63-1.82

0.0003-0.03 wt.%
MWCNT/water
nanofluids

0.59-0.61 1.48-1.52 12.80-14.98 16.92-20.20 2.59-2.74 69

0.01-0.3wt.% Graphene/water
nanofluids

0.53-0.61 1.50-1.55 4.61-12.96 6.47-8.54 2.44-2.61 69, 70
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quench cracking. However, there exists a critical cooling rate
beyond which the cracking tendency decreases. In this method,
the surface of the heated specimen is cooled uniformly with a
very high cooling rate. As a result, the austenite at the surface
transforms instantaneously into martensite, creating a hardened
shell. A very high compressive residual stress at the surface
layer is created during the transformation from austenite to
martensite. The hardened shell formed at the surface resists the
stresses due to thermal shrinkage and phase transformation at
the core, thereby minimizing distortion (Ref 96). For intensive
quenching, the Grossmann quench severity number should be
greater than 6 (Ref 97) and the HTC in the range of 20,000-
50,000 W/m2K (Ref 98).

The intensive quenching (IQ) is categorized into IQ-1, IQ-2,
and IQ-3 based on the mode of heat transfer at the metal/
quenchant interface. IQ-1 consists of both film and nucleate
boiling. The cooling in IQ-2 is through nucleate boiling and
convective cooling, and IQ-3 consists of only convective
cooling heat transfer. IQ-1 is a two-step process in which the
component is initially cooled slowly from austenitic tempera-
ture to MS by quenching in oil or polymer solution. The
component is then transferred to an intensive quenching
chamber where intense cooling is performed by directing a
stream of water or water jets onto the specimen surface. The
intense cooling in the MS�Mf region yields a hardened outer
shell with high compressive stresses at the surface with the
tough and ductile core. IQ-2 is a three-step process where the
component is rapidly cooled from austenitic temperature until
50% martensite transformation occurs at the surface. The
cooling is interrupted by taking the component out and cooling
it in air.

At this stage, the hardened outer shell undergoes self-
tempering by the heat released from the core. Finally, the
component is returned back in quench tank for convective
cooling. For avoiding film boiling at the initial cooling stage,
the water is mixed with salt in low concentration. However,
the requirement for IQ-2 is that the boiling temperature of
the quenchant should be more or less equal to the
temperature corresponding to 50% martensite transformation
of the steel. IQ-3 overcomes the demerits of IQ-1 and IQ-2,
being a single stage quenching process. Convective cooling
is performed by providing a uniform and intense water flow/
water jet to cool the surface. High compressive stress at the
surface could be achieved with an optimum depth of the
hardened shell. IQ-1 applies to high and medium alloyed
steel parts whereas IQ-2 and IQ-3 can be applied to low
alloyed steel (Ref 99).

Intensive quenching has a number of advantages such as
minimizing distortion and cracking, improvement in mechan-
ical properties of steel due to the high surface compressive
residual stresses, the possibility of case hardening low alloyed
steels and thereby eliminating the process of carburizing and
quenching, and finally minimizing the use of hazardous quench
oils. However, intensive quenching has few limitations. The
component’s part geometry and section thickness play a major
role in the heat transfer and hardening effect. It is extremely
difficult to direct the water jet or stream of water to flow
uniformly over an intricately shaped component. For compo-
nents with section thickness less than 6mm, it is difficult to
create a hardened outer shell with soft core. Batch quenching
cannot be performed in an intensive quenching process (Ref 99-

101). Case studies on the application of intensive quenching on
plane carbon, alloyed steels, and industrial components such as
coil springs, forklift forks, and bearing cages are provided in
the literature (Ref 102-104). It is observed that the intensively
quenched component showed minimum distortion, superior
mechanical properties, improvement in fatigue life, and corro-
sion resistance.

10.3.1 Use of Water-Salt and Water-Polymer Quen-
chants with Intense Cooling Effects. Kobasko et al. (Ref
105-109) investigated the use of forced convection utilizing
shock boiling phenomena to avoid the vapor blanket stage
during quenching. Water-salt electrolyte and water-inverse
soluble polymer quench medium having optimum polymer
concentration as low as 1% were used. The authors suggested
that while quenching in an electrolyte, the specimen should be
negatively charged, creating a charged layer over the surface.
The free-electron exerts an electrical force that pulls the liquid
layer toward the surface. Hence a periodic film and shock
boiling exist that results in intensive cooling. The 1%
polymer/water quenchant created a thin insulating polymer
layer over the specimen surface just enough to avoid the film
boiling stage. The breakage of the polymer film was uniform
and intensive to create shock boiling phenomena. The
quenchants were used with a hydrodynamic emitter that
created a resonance effect to break the vapor film during
quenching. The combination of optimal concentration of salt/
polymer with water and the resonance effect resulted in an
intensive cooling where the initial film boiling stage was
completely absent. The heat transfer occurred only through
nucleate boiling and convective cooling stages. As a result of
the absence of vapor film, the heat transfer was accelerated,
and the uniformity of heat transfer was improved. The
accelerated heat transfer led to forming a hardened outer case
with high compressive residual stresses and super strengthen-
ing of the quenched sample. The authors further suggested
that using this mechanism, optimal hardenability steel could
be case hardened to a level equivalent to the carburization
process, and the depth of case hardening could be controlled.
Thus, the expense of addition of alloying elements and the
carburization process could be minimized in addition to
distortion.

10.4 Use of Ionic Liquids as Quench Media

Beck et al. (Ref 110-112) introduced ionic liquids or
molten salts with melting temperatures less than 100 �C as
quenchants for quenching steels and aluminum alloys. The
ionic liquids used were 1-ethyl-3-methylimidazolium ethyl
sulfate and 1-ethyl-3-methylimidazolium bis (trifluoromethyl
sulfonyl) imide. The results indicated that quenching in ionic
liquid showed very little or no film boiling stage and the
uniformity of heat transfer was higher than water. The cooling
rates of the ionic liquids were increased by adding volatile
liquids like water and ethanol up to a concentration of 10% w/
w. Moreover, ionic liquids showed higher thermal stability.
The volatile decomposition in ionic liquids, even after
repeated use, was only 1%. Furthermore, the distortion of
an aluminum specimen of complex geometry while quenching
in ionic liquids was studied. It was observed that quenching in
ionic liquid showed a low specimen distortion compared to
water and mineral oil.
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11. Conclusions

Quench hardening heat treatment involves simultaneous
occurrence of physical events such as heat transfer from the
heated metal to the quench medium, phase transformation, and
the evolution of stresses and strain in the material. The interfacial
heat transfer from the metal surface to the quench medium
controls the last two physical events. The metal/quenchant
interfacial heat transfer occurs through three stages: film boiling,
nucleate boiling, and convective cooling. The delayed transition
from the film to the nucleate stage and the rewetting phenomenon
decide the nonuniformity in heat transfer. The nonuniform heat
transfer creates a thermal gradient across the specimen, leading to
a differential thermal expansion and variation in the volume
fraction of martensite, resulting in thermal and transformation
residual stresses. The nonuniformity in heat transfer depends on
the geometry of the specimen and the rewetting kinematics
exhibited by the quench medium being used. Understanding the
rewetting kinematics of the quench medium and quantifying the
nonuniformity of heat transfer is essential for the proper selection
of quenchants for hardening steel components with specific
geometry and hardenability. Modeling quench hardening in-
volves simultaneous analysis of heat transfer, mechanical and
metallurgical models. The heat transfer provides the temperature
distribution inside the specimen, while the metallurgical and
mechanical models predict the microstructural evolution and
stress–strain distribution respectively. Successful simulation of
residual stress and distortion during quenching requires accurate
modeling of metal/quenchant interfacial heat transfer and a
reliable database on the temperature dependent thermophysical
properties of the material and the quench medium.

The following is the outcome of the present review of the
literature.

1. During quenching, residual thermal and transformation
stresses fluctuate at the surface and the core from tensile
to compressive and vice versa. The final residual stress
distribution depends on whether the start of martensitic
transformation occurs before/after or at the same time as
the inversion of residual thermal stress. Based on the ini-
tiation time of martensitic transformation, the residual
stress distribution in steels are classified into thermal,
transitional, and transformation types. The stress distribu-
tion is significantly influenced by the section thickness of
the component and the type of quenchant.

Table 4. Percentage distortion attained with various quenchants using Navy C-ring test

Quenchant Steel grade % Distortion References

Water 65Mn steel 3.606 92
10% PAG polymer/water 1.202
20% PAG polymer/water 0.817
Oil 0.795
Soybean Oil (SO) AISI 4140 3.75 87
Epoxidized Soybean oil (ESBO) 3.5
Fatty Acid Methyl Esters (FAME) derived from SO 4.5
ESBO/FAME (70:30) 2.7
ESBO/FAME (62:38) 3.25
ESBO/FAME (40:60) 4.6
Houghton-Quench-G (cold quenching mineral oil) 4.0
Houghton-Quench KB (accelerated mineral oil) 2.2

Fig. 20. Intergranular crack propagation in the grain boundaries
due to sulfide inclusion in a quenched and tempered high carbon
tool steel. Reprinted from Engineering Failure Analysis, Vol 92, S.
Šolić, B. Podgornik, V. Leskovšek, The Occurrence of Quenching
Cracks in High-Carbon Tool Steel Depending on the Austenitizing
Temperature, Pages 140-148, Copyright 2018, with permission from
Elsevier [93]

Fig. 21. Quench crack observed in AISI 52100 steel while
quenching in distilled water and carbonated water. Reprinted by
permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Transactions of the Indian Institute of Metals,
Comparison of Cooling Behaviour of Carbon Steels in Polymer, Oil
and Carbonated Quench Media, N.G. Mathews, K.M.P. Rao, U.V.
Nayak, K.N. Prabhu, Copyright 2019 [95]
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2. The current research work involving the simulation of
quenching mostly uses a constant value of heat transfer
coefficient (HTC) to model the temperature distribution.
Using spatiotemporal heat transfer coefficient to model
the temperature field incorporating the effect of rewetting
kinetics and kinematics would improve the accuracy of
residual stress distribution.

3. Estimation of the spatiotemporal HTC/ heat flux could be
done for various steel/quenchant combinations using the
IHCP method. The method estimates the interfacial heat
flux by using the measured cooling curves within the
specimen. CFD analysis along with empirical boiling heat
transfer correlations could be integrated to the quenching
simulation for the estimation of HTC. However, for this
purpose, the thermophysical properties of the quench
media have to be known.

4. A uniformity parameter must be defined for a quen-
chant indicating the uniformity of heat transfer. A data-
base on the quenchant�s uniformity, severity and HTC
would benefit heat-treaters in selecting a quench medium
to minimize residual stress and distortion. An artificial
neural network (ANN) model would be of great utility in
predicting the type of quench medium required for
quenching a particular steel grade.

5. The rewetting or the wetting front velocity significantly
affects the magnitude and uniformity of metal/quenchant
interfacial heat flux. The increase in wetting front veloc-
ity increased the magnitude of heat flux. Very high and
low wetting front velocity caused significant spatial
nonuniformity of heat flux.

6. The wetting front velocity is an inherent property of the
quenchant and varies significantly with the kinematic vis-
cosity and the solid/liquid interfacial tension. The wetting
front velocity showed an exponential decrease with in-
crease in viscosity and a linear decrease with increase in
interfacial tension.

7. The effect of thermophysical properties of quenchants on
the magnitude of heat flux indicated that the heat flux in-
creased with increase in thermal conductivity and de-
creased with increase in kinematic viscosity and solid/
liquid interfacial tension.

8. Distortion during quenching could be significantly mini-
mized using alternative quenching methods such as inten-
sive quenching. The HTCs estimated in this method are
of the order 20,000-50,000 W/m2K. The technique mini-
mizes distortion and improves the mechanical properties
of the steel component.

9. Quenching in liquids that show minimum or no film boil-
ing stage improved heat transfer uniformity. The presence
of high molecular weight triglyceride molecules in veg-
etable oils increased the boiling temperature, indicating a
minimum or no film boiling stage. Heat transfer in ionic
liquids or molten salts occurs in two stages only, and the
film boiling stage is absent.
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