
ORIGINAL RESEARCH ARTICLE

A Phase Transformation Enthalpy Parameter
for Modeling Quench Hardening of Steels

AUGUSTINE SAMUEL, K.M. PRANESH RAO, and K. NARAYAN PRABHU

The effect of phase transformations on the steel/quenchant interfacial heat flux during quench
hardening heat treatment is investigated in the present work. Experimental and modeling
approaches comprising the inverse heat conduction problem (IHCP) were employed to analyze
the thermal behavior of different steel grades with varying section thicknesses. The results
revealed that phase transformation led to a distinctive pattern of the interfacial heat flux,
characterized by a dip and subsequent rise. We observed that increasing the section thickness
increases the surface heat flux for stainless steel probes without phase transformation. In
contrast, the surface heat flux decreased with thicker sections in phase transformation. The
increased heat evolved due to the latent heat liberation during phase transformation, and a
reduction in thermal diffusivity due to increased specific heat caused a fall in the heat flow rates.
Furthermore, the study proposed a phase transformation enthalpy parameter (DQ) to access the
enthalpy change during quenching. DQ was consistent for a specific steel grade and independent
of section thickness but varied with the cooling rate or quench media. The incorporation of
phase transformation in the quenching heat transfer model is complex due to the required
material data, including TTT/CCT diagrams and thermophysical properties that vary with steel
grade. The study suggests directly incorporating the DQ values into the heat conduction
equation or the IHCP model with phase transformation, simplifying the simulation process and
minimizing data inputs. A database on DQ as a function of temperature and cooling rate would
facilitate heat transfer modeling during quench hardening.
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I. INTRODUCTION

THE quench hardening process in steels encompasses
a complex interconnected phenomenon, incorporating
various factors such as heat transfer from the steel to the
quenching medium, the evolution of microstructure, and
the development of stress and strain within the
quenched component.[1] These three phenomena occur
concurrently and are intricately linked to each other.
The heat transfer from the steel surface to the quenching
medium is of particular significance, which plays a
critical role in determining the resulting microstructure
and stress levels in the material. By regulating the heat
transfer or the cooling rate of the component, it
becomes possible to modify the microstructure and
mechanical properties of the steel. Employing

simulation techniques for quench hardening allows for
evaluating heat transfer rates, temperature distribution
within the component, microstructure, and mechanical
properties. Consequently, quenching simulation proves
valuable in optimizing process parameters and selecting
appropriate quenchants to attain the desired microstruc-
ture and mechanical properties, while minimizing resid-
ual stress and distortion in the component.[2,3]

In the quenching process, a heated metal specimen in
its austenitized state is rapidly submerged into a liquid
quenching medium maintained at a lower temperature.
The dissipation of heat from the metal surface to the
liquid medium is a multiphase phenomenon and takes
place in a series of three stages, known as the film
boiling, nucleate boiling, and convective cooling
stages.[4] In film boiling stage, also referred to as the
vapor blanket stage, it involves the formation of a vapor
blanket surrounding the metal as soon as the heated
metal is rapidly immersed into the liquid media. The
heat extracted from the surface of the quenched part
exceeds the heat required to vaporize the liquid quen-
chant. During this phase, a stable vapor film envelops
the quenched part, and heat transfer primarily occurs
through radiation from the metal surface and conduc-
tion within the vapor film. Due to the vapor film acting
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as an insulator, the heat transfer rate at this stage is
relatively low.[5] The vapor film eventually ruptures
when the surface temperature reaches the Leidenfrost or
rewetting temperature, which marks the transition from
vapor blanket to nucleate boiling. In the second stage,
i.e., the nucleate boiling stage, the liquid medium in
contact with the quenched part’s surface undergoes
boiling, generating numerous small bubbles on the
surface. As the fluid coming in contact with the metal
surface evaporates, the bubbles are driven upward by
gravity, leading to a highly efficient convection heat
transfer process. It is during this stage that the maxi-
mum heat transfer is achieved. In the convective cooling
stage, the temperature of the metal surface remains
below the boiling point of the liquid medium. The liquid
quenchant exists as a single phase, and heat transfer
takes place through conduction and convection driven
by the fluid’s thermo-migration. However, the heat
transfer rate at this stage is notably lower in comparison
with the other stages.[6,7]

The transition from film to nucleate boiling stage
occurs through the rupture of vapor film leading to a
direct contact of the liquid medium with the heated
metal surface. Therefore, the transition process is also
known as the rewetting phenomena.[8] The rewetting
phenomena can occur in two ways: (i) Newtonian type
of rewetting where the vapor film ruptures in a very
short duration or in an explosive manner, and (ii)
non-Newtonian rewetting, where vapor film rupture and
subsequent rewetting occurs over a long duration of
time. The rewetting is affected by many factors such as
the component geometry, presence of oxide layer on the
surface or surface deposition, immersion pressure, and
locally differing immersion periods.[9]

In the non-Newtonian type of rewetting, the transi-
tion 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. As a result, the film boiling and nucleate
boiling stages are coexisting simultaneously.[10] The
magnitude of heat transfer coefficient for nucleate
boiling stage is one order higher than film boiling stage.
The significant difference in the heat transfer coefficients
of film and nucleate boiling stages causes the oscillation
in surface temperature leading to steep thermal gradi-
ents.[11] The rewetting phenomenon is the primary
source of non-uniformity or the spatial variation in
heat transfer that leads to non-uniform hardening,
residual stress, distortion, and quench cracking.[12] The
kinematics of rewetting is assessed by the rewetting time
and the wetting front velocity. Rewetting time indicates
the time duration for the completion of the rewetting
process, whereas the wetting front velocity is the velocity
with which the local wetting front ascends from the
bottom to the top of the quench probe.[13]

The properties obtained during the quenching process
are influenced by the section thickness of the steel being
treated. It is widely recognized that larger steel compo-
nents experience faster cooling at their surface than their

interior. This discrepancy in cooling rates gives rise to
non-uniform properties within the steel, resulting in
higher hardness at the surface in contrast to the core.
Therefore, when selecting a suitable quenching medium
for the hardening of a particular grade of steel, it is
crucial to consider the geometry and section thickness of
the steel. Fernandes and Prabhu[14] studied the impact of
section size on heat transfer during the quenching
process of AISI 1040 steel using water and oil as
quenching media. Their findings revealed that the
smaller section with a diameter of 28 mm exhibited a
higher peak heat flux when quenched in water, whereas
the opposite trend was observed when quenched in oil.
Specifically, the 44-mm-diameter steel experienced a
higher peak heat flux during oil quenching. Grum
et al.[15] conducted a study investigating the influence of
steel mass on the quenching process. They performed
experiments using 42CrMo4 steel specimens with a 35
mm diameter and heights of 5 mm and 15 mm. Two
different quenching media were used: a 10 pct aqueous
polymer solution and a rapid quenching oil. These
experiments demonstrated that the larger test piece
exhibited more efficient quenching when immersed in the
polymer solution than the oil medium.
Ramesh and Prabhu[16] established a correlation

between the section thickness of a stainless steel (SS)
304 probe and the cooling rate and the surface heat
transfer coefficient. They found that the cooling rate and
heat transfer coefficient exhibited a linear relationship
for smaller diameter probes. However, as the probe
diameter increased, the correlation became exponential.
Babu[17] investigated the impact of section thickness on
surface heat flux using SS 304 probes of various
diameters quenched in water. Nayak and Prabhu[18]

conducted a similar study using vegetable oils. As SS
304 does not undergo phase transformation, both
studies observed that the heat flux magnitude increased
with increased probe diameter or section thickness.
Prasanna Kumar[19] examined the influence of steel
grade on cooling rates and heat flux transients using
AISI 1025 and 4140 steel probes with a diameter of
25 mm. The results indicated that the heat flux is specific
to the steel and quenching medium combination.
Accurate measuring or estimating heat flux or heat

transfer coefficient at the interface between the steel and the
quenching medium is crucial for predicting temperature
distribution, microstructure, and mechanical properties.
The heat transfer from the steel surface to the quenching
medium involves multiple phases, including film boiling,
nucleate boiling, and convective cooling.[20] Therefore,
accurately replicating the boundary heat flux or heat
transfer coefficient is highly complex. In such cases, the
inverse heat conduction problem (IHCP) is a valuable tool
where the boundary heat flux can be estimated by
analyzing the temperature history within the component.
The IHCP is an iterative technique that involves arbitrary
estimation of the boundary heat flux based on minimizing
errors between the measured and calculated temperatures
within the quenched component.[21]

Early research on applying the IHCP to estimate the
boundary heat flux during casting and quenching was
carried out by Das and Paul,[22] Prabhu and Ashish,[23]

404—VOLUME 55A, FEBRUARY 2024 METALLURGICAL AND MATERIALS TRANSACTIONS A



and Babu and Kumar.[24] Prasanna Kumar[25] intro-
duced the coupling of a phase transformation model
with the IHCP for estimating the heat flux during the
quenching of plain carbon and alloyed steels. This
model is based on the decomposition of austenite during
cooling and involves solving the John-
son–Mehl–Avarami–Kolmogorov (JMAK) equation
for diffusion-based transformations and the Koisti-
nen–Marburger (KM) equation for martensitic trans-
formation. The model requires temperature and
phase-dependent thermophysical properties, latent heat,
and the time–temperature transformation diagram
(TTT) as material data. Babu and Kumar[26] compared
the heat flux obtained using experimentally determined
TTT diagrams as material input with simulated TTT
diagrams using various models. The results indicated
that the heat flux obtained with published TTT dia-
grams was more reliable compared to those simulated
using models. Nayak and Prabhu[18] estimated the heat
flux transients of AISI 1045 and 1090 steel cylinders with
25 and 50 mm diameters while quenching them in
sunflower and Karanja vegetable oil quenchants. The
surface heat flux exhibited a dip and rise of heat flux,
indicating the phase transformation. Simha et al.[27]

utilized the IHCP-phase transformation coupled model
to predict the hardness of AISI 1025, 1045, 4140, 4340,
and 52100 steel cylinders measuring Ø26 mm 9 75 mm.
The specimens were end-quenched in water, and the
predicted hardness values agreed with the measured
values.

Estimating heat transfer and thermal field during
quenching of steels generally involves using constant
thermophysical properties and a constant/tempera-
ture-dependent heat transfer coefficient as the bound-
ary condition. To make simulation realistic, the effects
of phase transformations and the associated enthalpy
changes have to be included.[11] This is particularly
important when estimating boundary conditions using
Inverse Heat Conduction Problems. To incorporate the
effect of phase transformation, additional material data
inputs such as the time–temperature transformation
(TTT) diagram and thermophysical properties as a
function of temperature and phase fraction have to be
known. This makes the simulation process more
complicated. To avoid this complexity, a novel tech-
nique for heat transfer simulation during quench
hardening is proposed. A phase transformation
enthalpy parameter to characterize the enthalpy
changes due to phase transformation during quenching
of different grades of steels having varying section
thicknesses is presented. A database on the phase
transformation enthalpy parameter for different grades
of steels could be incorporated in the heat conduction
model to predict temperature distribution within the
quenched component.

A. Theoretical Background

1. Inverse heat conduction problem (IHCP)
A brief procedure of the IHCP is outlined as follows:

Initially, an arbitrary value of heat flux (q) is chosen,

such as q ¼ 1000W/m2. Utilizing this constant heat flux
value, the heat conduction equation is solved for a
specified number of future time steps. The objective is to
minimize the least square norm F qð Þ shown in the
Eq. [1], which represents the cumulative error between
the measured temperature (Y tð Þ) within the probe and
the theoretically estimated temperature (T r; tð Þ) at the
measured location. The minimization of F qð Þ involves
iteratively adjusting the assumed heat flux value and
recalculating the heat conduction equation solution to
determine a new least square norm. This iterative
process continues until a satisfactory level of conver-
gence is achieved, indicating a close match between the
estimated and measured temperatures.

F qð Þ ¼
Xm

i¼1

Ynþi tð Þ � Tl
nþi r; tð Þ

� �2 ½1�

The subscripts n, i, and m denote the global time step,
future time step, and the total number of future time
steps, respectively. On the other hand, the superscript l
represents the iteration number.
The estimation of the optimal heat flux value (q) for

the nth global time step is achieved through an iterative
process that minimizes the least square norm (F qð Þ) with
respect to q. To facilitate this minimization, the conju-
gate gradient regularization method is employed.[28]

The equation below provides the gradient of F qð Þ with
respect to q, represented as rF qln

� �
.

rF qln
� �

¼
Xm

i¼1

�2
@Tl

nþi

@qln
Ynþi � Tl

nþi

� �
½2�

The sensitivity coefficient, denoted by Jln, is used to

represent the term
@Tl

nþi

@qln
in Eq. [2].

The sensitivity coefficient quantifies the effect of a
small change in the heat flux (qln) on the estimated

temperature (Tl
nþiÞ. The central difference method cal-

culates the sensitivity coefficient, as depicted in Eq. [3].
In this equation, e represents a small value, typically
taken as 10�4, used for the finite difference
approximation.

Jln ¼
Tl
nþiðqln þ eqln

� �
� Tl

nþi q
l
n � eqln

� �
Þ

2eqln
½3�

The heat flux is iteratively updated using the following
procedure:

qlþ1
n ¼ qln � blnd

l
n ½4�

The search step size, bln, and the direction of descent,
dln, are calculated using the following equations:

dln ¼
rF qln

� �
; l ¼ 1

rF qln
� �

þ clnd
l�1
n ; l>1

�
½5�
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The conjugate coefficient,cln, is determined by per-
forming the following calculations:

cln ¼
Xm

i¼1

rF qln
� �� �2

rF ql�1
n

� �� �2 ½6�

Search step size bln ¼
Pm

i¼1 Jlnd
l
n

� �
Tl
nþi � Ynþi

� �
Pm

i¼1 Jlnd
l
n

� �2 ½7�

The iterative procedure continues until the following
convergence criteria is met:

qlþ1
n � qln
qlþ1
n

����

����<0:005 ½8�

2. Finite element solution of heat conduction equation
A brief description of the finite element solution of the

phase transformation coupled heat conduction equation
is as follows[1,11,29]:

The one-dimensional heat conduction equation in the
cylindrical coordinate system is solved to determine the
radial temperature distribution within the probe model.
Equation [9] represents the 1D heat conduction equa-
tion, which incorporates a heat source term to
accommodate the evolution of latent heat during phase
change.

1

r

@

@r
kr

@T

@r

� �
þ _Q ¼ qCp

@T

@t
½9�

Throughout the cooling process, the product phases
undergo continuous evolution. Therefore, the thermo-
physical properties (k; q;Cp) of the steel are treated as
functions of both temperature and phase fraction (nk).
The thermophysical properties are evaluated at each
time step using a linear mixture rule, as depicted in
Eq. [10].

P T; nkð Þ ¼
XN

k¼1

Pknk ½10�

Pk and nk represent the thermophysical property and
volume fraction of the kth constituent phase (austenite,
ferrite, pearlite, bainite, and martensite). The rate of
internal heat generation resulting from latent heat
evolution is estimated according to the following
expression:

_Q ¼
XN

k¼1

qkLk
dnk
dt

½11�

Lk denotes the latent heat evolved during the trans-
formation from austenite to the kth product phase,
measured per unit weight in joules per kilogram (J/kg).

On the other hand, dnk
dt

� 	
represents the rate of phase

transformation for the kth phase.
The phase fractions associated with diffusion-con-

trolled transformations, such as austenite to ferrite,
pearlite, and bainite, are determined by utilizing a
combination of Scheil’s additivity principle and the
Johnson–Mehl–Avrami–Kolmogorov (JMAK) equa-
tion. Scheil’s additive criteria account for the initial
incubation period of the transformation. Subsequently,
the phase fractions during the growth stage of the
transformation are obtained by the JMAK equation. In
accordance with Scheil’s additive rule, the nucleation
stage of the phase transformation is considered com-
plete, or the growth stage commences when Scheil’s sum
(S) given in Eq. [12] reaches a value of unity.

S ¼
Xn

j¼1

Dtj
ss Tj

� � � 1 ½12�

In the equation mentioned above, Dtj represents the
time step increment, and ss Tj

� �
denotes the isothermal

time required for the initiation of transformation at the
temperature Tj. The phase fraction of the product phase

in the current time step, denoted as ntþDt
k , is calculated

using the JMAK equation, which is presented as
follows:

ntþDt
k ¼ nmax

k ntc � ntk

� 	
ð1� exp bk Tð Þ sþ Dtð Þnk Tð ÞÞ

� 	

½13�

ntc represents the phase fraction of austenite at the
previous time step while ntk represents the phase fraction
of the product phase at the previous time step. nmax

k
denotes the maximum volume fraction of the product
phase. In the case of complete pearlitic or bainitic
transformation, nmax

k is equivalent to the volume frac-
tion of austenite available at the start of the transfor-
mation. For pro-eutectoid transformation involving
ferrite/cementite, nmax

k is determined using the lever rule
from the equilibrium phase diagram, as illustrated
below.

nmax
a ¼

0; T>Ae3

neqa
Ae3�T
Ae3�Ae1

; Ae1<T<Ae3

neqa ; T<Ae1

8
<

: ½14�

neqa ¼ Ce � Co

Ce � Ca
½15�

Ce represents the eutectoid carbon composition,
which is determined by equating Ae3 with Ae1 in the
empirical equation and solving for the weight percentage
of carbon. Co denotes the nominal carbon content of the
steel. Ca represents the solubility of carbon in ferrite at
the eutectoid temperature, which is assumed to be 0.02
wt pct in the current study.
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In the JMAK equation (Eq. [14]), s refers to the
fictitious time, which is calculated based on the volume
fraction of the kth product phase at the previous time
step. s is incremented by the time step Dt to determine
the newly transformed volume fraction.

s ¼ �lnð1� nk tð Þ
bk Tð Þ

� � 1
nk Tð Þ

½16�

nk Tð Þ and bk Tð Þ represent the temperature-dependent
time coefficient and exponent, respectively. These coef-
ficients are determined from the time–temperature
transformation (TTT) diagram in the following
manner:

nk ¼
ln ln nki�1ð Þ

ln nkf�1ð Þ

� �

ln ti
tf

� 	 ½17�

bk ¼ � ln nki � 1ð Þ
tnki

½18�

nki and nkf represent the phase fractions correspond-
ing to the transformation start (0.1 pct) and transfor-
mation end (99.9 pct), respectively. ti and tf correspond
to the isothermal time required for the start and end of
the transformation of a given phase at a specific
temperature.

The phase fraction of martensite is calculated using
the Koistinen–Marburger (KM) equation, which is
presented below:

nm ¼ ncð1� exp �X Ms � Tð ÞÞð Þ ½19�

nc represents the remaining austenite’s volume frac-
tion at the beginning of the martensitic transformation.
X is a constant with a fixed value of 0.011, regardless of
the chemical composition of the steel. Ms refers to the
martensite start temperature.

The critical transformation temperatures are calcu-
lated using empirical equations obtained from the
literature. The elemental compositions are given in
weight percentage (wt pct).

Ae3ð�CÞ ¼ 883:49� 275:89Cþ 90:91C2 � 12:26Cr
þ 16:45CCr� 29:96CMnþ 8:49Mo
� 10:80CMo� 25:56Niþ 1:45MnNi

þ 0:76Ni2 þ 13:53Si� 3:47Mn Si ½20�

Ae1ð�CÞ ¼ 727:37þ 13:40Cr� 1:03CCr� 16:72Mn

þ 0:91CMnþ 6:18CrMn� 0:64Mn2

þ 3:14Moþ 1:86CrMo � 0:73MnMo
� 13:66Niþ 0:53C Niþ 1:11CrNi

� 2:28MnNi� 0:24Ni2 þ 6:34Si� 8:88CrSi

� 2:34MnSiþ 11:98Si2

½21�

BSð�CÞ ¼ 656� 58C� 35Mn� 75Si� 15Ni� 34Cr
� 41Mo

½22�

MSð�CÞ ¼ 512� 453C� 16:9Niþ 15Cr� 9:5Mo

þ 217C2 � 71:5CMn� 67:6CCr ½23�

3. Finite element formulation of heat conduction
equation
The weighted integral statement of the 1D heat

conduction equation is as follows:
Z

w
k

r

@T

@r
þ k

@2T

@r2
þ _Q� qCp

@T

@t


 �
dv ¼ 0 ½24�

w is the weight function and the elemental volume
dv ¼ drdzrdu. Considering radial symmetry of the
steel probe, the integration of Eq. [24] reduces to inte-
gration only with respect to dr. The finite elemental
equation for solving the temperature distribution is of
the form:

K½ �e Tf geþ C½ �e @T

@t

� �e

¼ Ff ge ½25�

where

Ke
ij ¼

Z
kr

@wi

@r

@wj

@r

� �
dr ½26�

Ce
ij ¼

Z
qCprwiwjdr ½27�

Fe
i ¼

Z
rwi

_Qdr� rmaxqjr¼rmax
½28�

The symbol W in the above equations denotes the
linear interpolation or shape functions for the 1D line
elements.
For solving transient temperature distribution, the

Galerkin integration scheme was used. Since the ther-
mophysical properties are a function of temperature and
phase fractions, the FE problem is nonlinear. Therefore,
the matrices K and F are solved iteratively at every time
step. The equation for temporal approximation is shown
in Eq. [29].

Dth K½ �lþ1
nþ1þ C½ �n

� 	
Tf gnþ1

¼ C½ �n�Dt 1� hð Þ K½ �n
� �

Tf gnþDt 1� hð Þ Ff gnDth Ff glþ1
nþ1

½29�

In the above equation, h = 2/3, and Dt = 0.1 s. The
equation can be written as a system of simultaneous
linear equations, as shown below:

A½ � Tf gnþ1¼ Bf g ½30�
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where A½ � ¼ Dth K½ �lþ1
nþ1þ C½ �n and Bf g ¼ C½ �n�

�
Dt

1� hð Þ K½ �nÞ Tf gnþDt 1� hð Þ Ff gnþDth Ff glþ1
nþ1

The initial condition T r; t ¼ 0ð Þ ¼ 860 �C and the
boundary condition T r ¼ 0; tð Þ ¼ Tc tð Þ (the measured
temperature at the center) are applied. The iterative
procedure is stopped when the following end criteria is
met:

PN
i¼1 Tlþ1

i � Tl
i

� �2h i1=2

PN
i¼1 Tlþ1

i

� �2h i1=2 � 10�6 ½31�

II. EXPERIMENTAL METHOD

A. Materials

The composition of the steels utilized in the study is
presented in Table I. The effect of phase transformation
on the interfacial heat flux between the metal and
quenchant was observed by selecting medium-carbon
(AISI 1045) and high-carbon (AISI 52100) steels. The
heat flux estimation without phase transformation was
conducted using austenitic stainless steel (SS 304). A
medium-carbon (AISI 1045) and high-carbon steel
(AISI 52100) were chosen, as their phase transformation
behaviors differ considerably. The selection of these
steels was made with the consideration that the IHCP
coupled phase transformation model could be applied to
steels with a wide range of carbon content and other
alloying elements.

The geometry of the steel probes is depicted in
Figure 1. The steel probes had diameters of 12.5, 25,
and 50 mm, with heights of 60 mm for the 12.5-mm-di-
ameter probe and 30 mm for the 25 and 50 mm probes,
respectively. Two 1-mm-diameter holes were drilled at
the center and 2 mm from the surface to enable
temperature measurement within the probe, as illus-
trated in Figure 1. The holes were drilled to the
mid-depth of the probe. The quenchants employed were
as follows: (i) mineral oil (Chemquench-RQ, Thin-Ch-
emie Formulations, Chennai, India), (ii) agitated min-
eral oil, and (iii) distilled water. Table II presents the
volume of quenchant used for each case. Quenchant
volume was determined based on the heat balance
equation, as illustrated further.

mCpDT
� �

steel
¼ qVCpDT

� �
quenchant

½32�

DTSteel ¼ 860� 30ð Þ ¼ 830 �C and
DTquenchant = 6.46 �C
On substituting the various values in the heat balance

equation, quenchant volumes are calculated using
Eqs. [33] and [34].

For mineral oil; Vquenchant ¼ 0:048msteel ½33�

For water; Vquenchant ¼ 0:01429msteel ½34�

B. Quenching Experiment

Figure 2(a) illustrates the schematic of the quench
setup. The steel probes were heated and austenitized at a
temperature of 860 �C, followed by quenching into the
liquid media placed beneath the furnace. The quench
bath was maintained at room temperature, specifically
30 ± 2 �C. K-type thermocouples were inserted into the
steel probe to measure the temperatures at the center and
surface during the cooling process. The probe/thermo-
couple assembly was vertically held using a stainless steel
rod in a tubular furnace. The quenching of the probe was
carried out manually. The thermocouples inserted in the
probe were connected to a data acquisition system (DAQ
NI 9213), which recorded the temperature decrease over
time during cooling. At least three trials were conducted
for each steel/quenchant combination.
In the case of quenching cylindrical specimens, the

length-to-diameter ratio (L/D) plays a crucial role in
heat transfer. When the L/D ratio exceeds 4, heat
transfer through the lateral surface area of the probe
becomes significantly greater than through the end faces.
Therefore, neglecting or assuming insulation for the heat
flow through the end faces in the simulation is possible.
However, when the L/D ratio is less than 4, heat transfer
through the end faces becomes equally significant to the
lateral surface area. Consequently, temperature mea-
surements taken along the radial direction are affected
due to substantial heat transfer through the end faces.
This makes it difficult to visualize the impact of section
thickness on heat transfer. To address this issue, the end
faces of the steel probes were insulated using a paste
made of zirconia, alumina, and sodium silicate in equal
proportions by weight. For the 25 and 50 mm probes,
both end faces were insulated by applying the insulating
paste and sandwiching it with a thin layer of glass wool.
The insulated probes were heated to 180 �C to cure the

Table I. Elemental Composition of Steels
[18]

Steel Grade

Elements (Wt Pct)

C Mn Si Cr Cu Ni S P Fe

AISI 1045 0.45 0.7 0.2 — — — 0.040 0.040 98.57
AISI 52100 0.96 0.35 0.3 1.4 0.02 — 0.015 0.02 96.935
SS 304 0.08 2 — 19 0.3 9.5 — — 69.12
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paste. In the case of the 12.5 mm probe, insulation was
not necessary as the L/D ratio exceeded 4. Nayak and
Prabhu[18] demonstrated that the insulating paste
reduced heat transfer through the end faces by approx-
imately 96 pct. Figure 2(b) shows the probe/thermocou-
ple assembly with the insulated end faces.

C. Examination of Microstructure and Hardness
Measurement

The quench-hardened steel probes of AISI 1045 and
52100 were sectioned at a mid-depth. The sectioned
surface was polished using various grades of emery
sheets before, and velvet cloth polish was performed to
obtain a mirror surface finish. The polished surface was
etched using 5 pct Nital solution, and the surface was
observed under an optical microscope.

The hardness of the quenched steel probes was
determined using a Vickers micro-hardness tester. A
load of 1 kg and a holding time of 15 seconds were used.
The hardness was measured along the radius from the
center to the surface of the steel probe.

D. Estimation of Heat Flux Through IHCP Model
with Phase Transformation

The program code for heat flux estimation was
developed using MATLAB (R2021b). The IHCP algo-
rithm utilizes temperature measurements obtained

within the steel probe and employs an iterative algo-
rithm for estimation as explained in Section I–A.
Figure 3 displays a 1D model of the steel probe. The
probe is considered to be radially symmetric, with the
center and surface indicated by the radial locations r ¼ 0
and r ¼ rmax, respectively. The temperature distribution
along the probe’s radius is calculated using a finite
element solution to the 1D transient heat conduction
equation. At the surface, denoted as BC1, the boundary
condition requires the estimation of the heat flux (q tð Þ).
At the center (BC2), which represents a symmetry
surface, the heat flux (q) is assumed to be zero, and the
measured center temperature (Tcðt)) is applied as the
boundary condition. To estimate the unknown heat flux
(q tð Þ) at BC1, the temperature measurement made at a
location of 2 mm from the surface(T r ¼ rmax � 2; tð Þ) is
taken as the reference temperature (Y tð Þ) to solve the
IHCP. The 1D model of the probe is discretized using a
two-node line element with a length of 0.05 mm.
The steels’ thermophysical properties and TTT dia-

grams are obtained from the JMAT-Pro software (Sente
Software Ltd., UK).[31] The temperature and phase-de-
pendent thermophysical properties are shown in
Figure 4. The TTT diagrams of AISI 1045 and 52100
steels are shown in Figure 5.

III. RESULTS AND DISCUSSION

A. Cooling Profiles in Steel Cylinders

The measured temperature vs time profile of SS 304,
AISI 1045, and 52100 steel cylinders, respectively, while
quenching in mineral oil is shown in Figure 6. The
temperature profiles are measured at 2 mm from the
surface of the steel probes and at the geometric center.
The cooling curve at the center is used as an essential
boundary for the 1D finite element model. In contrast,
the surface cooling curve is used as the reference
temperature to solve the IHCP to estimate metal/
quenchant interfacial heat flux. The temperature profile
of SS 304 probes represents the cooling curves without

Fig. 1—Steel probe geometry (adapted from Ref. [30]).

Table II. Calculated Quenchant Volumes for Various
Diameter Probes

Probe Diameter (mm)

Quenchant Volume (Liters)

Mineral Oil Water

12.5 3.36 �3.4 1
25 5.76 �5.8 1.7148 �1.72
50 22.08 � 22.1 6.5734 � 6.6
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the phase transformation. The occurrence of phase
transformation is identified in the cooling curves of 1045
and 52100 steels by the presence of a dip and a rise in
temperature during cooling. For higher section thick-
ness specimens (25 and 50 mm), a delayed occurrence of
the dip is observed in the center cooling curve compared
to the surface, indicating a delayed phase transforma-
tion due to an increase in the thermal gradient. The
temperature vs time/cooling curve data of SS304, AISI
1045, and 52100 steel probes quenched in water and
agitated mineral oil are provided in Appendix A1 and
A2, respectively. In the case of agitated quench media,
only 25- and 50-mm-diameter probes were quenched due
to quenchant bath constraint. Agitation was performed
using a mechanical stirrer. For the 12.5-mm-diameter
probe, only 3.4 liters of mineral oil and 1 liter of water

were used. Accommodating the stirrer was difficult due
to the limited volume.
Figure 7 shows the cooling rate vs temperature profile

at the geometric center and surface while quenching SS
304, AISI 1045, and 52100 steel probes of various
section thicknesses in mineral oil. In the cooling rate
profiles, the phase transformation or the dip and rise of
temperature in the cooling curve data are exaggerated as
an inversion in the cooling rate followed by a rise with
the decrease in the temperature. The cooling rate data
for varying section thicknesses of SS304, AISI 1045, and
52100 steel probes quenched in water and agitated
mineral oil, respectively, are shown in Appendix A3 and
A4, respectively. For AISI 1045 steel probes, the
inversion and rise in the cooling rates are observed for
25- and 50-mm-diameter probes. In the case of 52100

Fig. 2—(a) Quench setup, (b) steel probe/thermocouple assembly showing insulation on end faces ((a) adapted from Ref. [30]).

Fig. 3—1D model of steel probe (reprinted from Ref. [30]).
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Fig. 4—Thermophysical properties of AISI 1045 steel obtained from JMAT-Pro software: (a) density, (b) thermal conductivity, (c) specific heat,
and (d) enthalpy change due to phase transformation (reprinted from Ref. [30]).

Fig. 5—TTT diagrams of steels obtained from JMAT-Pro (reprinted from Ref. [30]).
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probes, the inversion of cooling rate is observed in a
50-mm-diameter probe indicating substantial phase
transformation as compared to 12.5- and 25-mm-diam-
eter probes.

The near-surface cooling curves and cooling rate
curves for SS 304 steel, across various section thick-
nesses, reveal distinct stages of heat transfer at the steel/
quenchant interface. The film boiling stage is marked by
a plateau region in the cooling curve. In the cooling rate
curve, the initial increase in cooling rate followed by a
gradual decline suggests the presence of vapor film
boiling phenomena. Subsequently, an exponential
decrease in the cooling curve and a sudden spike in
cooling rate indicate nucleate boiling phenomena. Fol-
lowing this exponential cooling curve decrease and
cooling rate rise, the final stage of heat transfer, i.e., the
convective cooling, is characterized by the flattening of
both the cooling curve and cooling rate curve.

The film boiling was either minimal or was not
observed in the surface cooling curves of AISI 1045 and
52100 steels. The SS 304 probes, before use, were
conditioned by repetitive heating and quenching in
mineral oil. Preconditioning helps form stable and
uniform nickel/chromium oxide layers on the surface
of the stainless steel probes. The smooth oxide surface of
the SS probe favors the vapor film boiling while
quenching. It is reflected in the cooling curve profile

by forming an initial plateau region before the expo-
nential decrease in the temperature vs time plots. In the
case of medium- and high-carbon steel probes, heating/
austenitizing at a temperature of 860 �C in an ambient
atmosphere leads to decarburization and formation of
oxide scales at the metal surface. The oxide scales are
brittle and break down into smaller pieces while
quenching in liquid media due to the boiling phenomena
occurring at the steel/quenchant interface. The breaking
of oxide scales disrupts the stability of vapor film
formation; hence, minimal or no film boiling stage is
observed in the cooling profiles.

B. Heat Flux Estimation

The estimated heat flux for SS 304, AISI 1045, and
52100 steel probes of various section thicknesses
quenched in mineral oil, water, and agitated mineral
oil, respectively, is shown in Figure 8. The heat flux
estimated with SS 304 probes indicates the heat flux
without phase transformation. The variation in the heat
flux is due to the different stages of heat transfer
occurring at the steel quenchant interface. The heat flux
curve emulates the cooling rate vs temperature curves.
The initial rise and a plateau region indicate the film
boiling stage. The peak region shows the nucleate
boiling where maximum heat flux occurs. The end

Fig. 6—Temperature vs time profiles measured at the geometric center and 2 mm from the surface of various section thickness SS 304, AISI
1045 and 52100 steel probes, respectively, quenched in mineral oil.
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region below 200 �C, where the heat flux flattens,
indicates convective cooling. With SS 304 probes, it is
observed that increasing probe section thickness
increases the magnitude of peak heat flux. The increase
in the peak heat flux with the increase in the section
thickness is mainly attributed to the increase in the net
heat quantity due to the increase in the specimen
volume.

The effect of section thickness on the heat flux of AISI
1045 and 52100 steels indicates a reverse trend compared
to SS 304. In steels undergoing phase transformation
during quenching, the magnitude of peak heat flux
decreased with the increase in the diameter of the probe.
The phase transformation of austenite into product
phases leads to the occurrence of two critical thermo-
physical events: (i) liberation of latent heat and (ii)
increase in specific heat. The liberation of latent heat
causes an instantaneous reheating of the specimen due
to the evolved heat, whereas the increase in the specific
heat offers resistance to heat dissipation by decreasing

the thermal diffusivity a ¼ k
qCp

� 	
of the steel sample. The

amount of latent heat evolution and the magnitude of
the increase in the heat capacity increases with the
increase in the section thickness of the specimen as the

available volume of austenite for phase transformation
increases. As discussed earlier, the film boiling stage is
absent in the heat flux plots of AISI 1045 and 52100
steels. The initial peak in the heat flux is due to the
nucleate boiling phenomena. The occurrence of phase
transformation is observed as a dip and rise in the heat
flux thereafter.
Figure 9 compares the heat flux vs time data with and

without phase transformation. SS 304 indicates the heat
flux without phase transformation. Since austenite
remains stable in SS 304 steel over the entire tempera-
ture range during quenching (from 860 �C to room
temperature), the heat flux obtained with SS 304 can be
considered a reference, reflecting the heat flux pattern
without phase transformation. The heat flux estimated
with AISI 1045 (Figure 9(a)) and 52100 (Figure 9(b))
steels represents the heat flux with phase transformation.
To quantify the additional heat flux resulting from
phase transformation, in Figure 9, the heat flux tran-
sients of SS 304 were superimposed on that of AISI 1045
and 52100 steels, respectively, such that the nucleate
boiling peaks are coinciding. Figure 8 shows the
additional heat liberated due to phase transformation.
Without phase transformation, the heat flux curve
would have followed an exponential decrease over time

Fig. 7—Curves of cooling rate vs temperature measured at the geometric center and 2 mm from the surface of steel probes made of SS 304,
AISI 1045, and 52100 with various section thicknesses, respectively, when quenched in mineral oil.
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Fig. 8—Comparison of surface heat flux for steel probes of various section thicknesses, including grades SS 304, AISI 1045, and AISI 52100,
quenched in mineral oil, water, and agitated mineral oil, respectively.

Fig. 9—Comparison of surface heat flux vs time with and without phase transformation while quenching 50-mm-diameter steel probes in mineral
oil: (a) AISI 1045/SS 304, and (b) AISI 52100/SS 304.
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after reaching its peak value. The effect of phase
transformation alters the path followed by the heat flux
curve, resulting in dip and rise in heat flux transients
after the initial nucleate boiling peak.

C. Prediction of Microstructure

The simulation model follows a stage-wise decompo-
sition of austenite into product phases. The ferrite phase
forms between Ae3 and Ae1, pearlite between Ae1 and
Bs, bainite between Bs and Ms, and martensite there-
after. The only limitation of the model is that it does not
accurately predict the formation of the ferrite phase as
the transformation range (between Ae1 and Ae3) is very
narrow, as observed in the TTT diagram of AISI 1045
steel (Figure 5).

The micro-constituents’ phase fractions in the product
phases are calculated using the JMAK and KM equa-
tions. The fractions related to diffusion-based transfor-
mations (austenite to ferrite, pearlite, and bainite) are
determined using a combination of Schiel’s additive rule
and the JMAK equation. The KM equation is employed
to calculate the phase fraction of martensitic transfor-
mation. The converged heat flux value obtained from
the IHCP model at each time step is utilized to
externally solve the heat conduction equation. This
process is employed to track the temperature

distribution and the phase fractions of the transformed
phases at each node of the 1D model during the
estimation of transient heat flux.
The radial distribution of phases in the as-quenched

probes are shown in Figures 10 and 11 for the AISI 1045
and 52100 steel probes, respectively. The phase fractions
are expressed in terms of percentage. Figure 10 shows
the distribution of phases in the AISI 1045 steel of
various section thicknesses quenched in mineral oil,
water and agitated mineral oil, respectively. The
medium-carbon steel probes (AISI 1045) quenched in
mineral oil showed bainite and pearlite phases along
with martensite. The Ø12.5 mm probe showed marten-
site as the major product phase, along with a smaller
phase fraction of bainite. In Ø25 mm, the phase
fractions of bainite and martensite are equal. In the
case of the Ø50mm probe, a pearlite phase is observed
along with bainite and martensite. While quenching in
water, martensite is observed to be the primary product
phase. The Ø12.5 mm probe shows about 90 pct
martensite formation. In the Ø25 and Ø50 mm probes
quenched in water, the bainite phase is observed along
with martensite. In addition, about 10 pct of the pearlite
phase is observed in the Ø50 mm probe. Like the
mineral oil, the Ø25 probe quenched in agitated mineral
oil showed an equal amount of bainite and martensite.

Fig. 10—Radial distribution of phases in AISI 1045 steel probes of diameters 12.5, 25, and 50 mm quenched in mineral oil, water, and agitated
mineral oil, respectively.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 55A, FEBRUARY 2024—415



In contrast, the Ø50 mm probe indicated the significant
phases of pearlite, bainite, and martensite. The radial
distribution of phases in the as-quenched AISI 52100
probes of various section thicknesses quenched in
mineral oil, water, and agitated mineral oil, respectively,

are shown in Figure 11. In the case of AISI 52100
probes, the martensite and untransformed austenite are
the phases observed in the as-quenched condition in the
Ø12.5 and Ø25 mm probes. An exception is the Ø50 mm
probe quenched in mineral oil and agitated mineral oil,

Fig. 11—Radial distribution of phases in AISI 52100 steel probes of diameters 12.5, 25, and 50 mm quenched in mineral oil, water, and agitated
mineral oil, respectively.

Fig. 12—Microstructure obtained at the geometric center and near the surface of AISI 1045 steel probes of diameters 12.5, 25, and 50 mm,
respectively, quenched in mineral oil.
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where a significant amount of pearlite is observed at the
center of the probe.

Figures 12 and 13 show microstructures of various
section thickness AISI 1045 and 52100 steel probes,
respectively, quenched in mineral oil. The microstruc-
tures are taken at the center and the surface of the
probes. In AISI 1045 steel (Figure 12), a martensitic
structure is observed in the Ø12.5 mm probe at the
center and surface. A significant amount of ferrite, and
pearlitic structure is observed in the center of Ø25 and
50 mm probes, while the surface shows a mixed marten-
site microstructure with ferrite and pearlite. In the case
of AISI 52100 steel quenched in mineral oil (Figure 13),
martensite and untransformed austenite were the signif-
icant phases observed in Ø12.5 and 25 mm steel probes.
The pearlitic structure was observed in the Ø50 mm

probe. Similarly, optical micrographs of AISI 1045 and
52100 steel probes quenched in water and agitated
mineral oil are provided in Appendix A5 through A8.
The microstructure indicates that the martensite as the
significant phase in the Ø12.5 mm probe. As the
diameter is increased, the ferrite and pearlitic
microstructure is observed predominantly at the center
of the steel probe.

D. Validation of Estimated Metal/Quenchant Interfacial
Heat Flux

To validate the estimated surface heat flux, the
hardness of the as-quenched steel probes was predicted
using the simulated temperature distribution and com-
pared with the measured hardness. The hardness of the
quenched steel probes was determined using the t85 vs
Vickers hardness correlation, as shown in Figure 14,
obtained from the JMAT-Pro software. The parameter
t85 is the time required for the steel probe to cool from
800 to 500 �C. The t85 is calculated at every node point
of the 1D model using the transient temperature
distribution obtained using the estimated surface heat
flux from the IHCP model. The hardness is interpolated
at every node using the t85 vs hardness material
correlation.
Figures 15 compare the predicted hardness with the

measured hardness of the AISI 1045 and 52100 steel
probes of various section thicknesses quenched in
mineral oil, water, and agitated mineral oil, respectively.
The predicted hardness agrees with the measured
hardness for Ø25 and Ø50 mm probes quenched in
mineral oil, water, and agitated mineral oil, respectively.
However, the predicted hardness was underestimated in
the case of Ø12.5 mm probes quenched in mineral oil
and water. The underestimation of hardness is

Fig. 13—Microstructure obtained at the geometric center and near the surface of AISI 52100 steel probes of diameters 12.5, 25, and 50 mm,
respectively, quenched in mineral oil.

Fig. 14—t85-Hardness correlation (JMAT-Pro).
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attributed to the limitations of the t85 vs hardness
correlation. The t85 vs hardness provides fairly accurate
prediction when the hardness ranges from 150 to 670
HVN in the case of AISI 1045 steel and 180 to 850 HVN
in the case of AISI 52100 steels.

E. Error Analysis with Temperature as the Boundary
Condition at the Center of the Probe FE Model

The temperature recorded at the center of the probe is
used as the boundary condition in the 1D FE model to
improve the temperature prediction accuracy, which is
essential for achieving an accurate prediction of trans-
formed phases. Figure 16 shows the percentage error
between the measured temperature and the estimated
temperature at the center of the probe when the center
temperature boundary condition is not specified in the
IHCP model. The figure indicates that an error of 7, 15,
and 25 pct is observed at the center for AISI 1045 steel
probes with Ø12.5, 25, and 50 mm diameters, respec-
tively, quenched in mineral oil. It was observed that an
increase in probe section thickness increases the tem-
perature prediction error at the center. This is mainly
due to the time lag or the delay in the phase transfor-
mation at the surface and the center of the probe, which
increases with the increase in probe section thickness. As
a result, the accuracy of the prediction of temperature

distribution by the inverse method decreases. However,
for stainless steel probes, where there is no phase
transformation involved, the percentage error of tem-
perature prediction was not more than 3 pct, even with
increased probe diameter.

Fig. 15—Comparison of simulated hardness with the measured hardness for AISI 1045 and 52100 steel probes of various section thicknesses,
quenched in mineral oil, water, and agitated mineral oil, respectively.

Fig. 16—Percentage error between the measured and estimated
temperature at the geometric center of AISI 1045 steel probes of
diameters 12.5, 25, and 50 mm, respectively, while quenching in
mineral oil.
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F. Estimation of Phase Transformation Enthalpy
Parameter (DQ)

A phase transformation enthalpy parameter ðDQÞ was
proposed to quantify the additional heat lost to the
quench medium due to phase transformation in the steel
probe. The parameter DQ is defined as the difference in
the heat lost from the steel to the quenchant with and
without phase transformation and is calculated per unit
weight to generalize the net heat quantity for various
shapes and sizes of steel. Figure 17 shows the surface
heat flux as a function of time for Ø50 mm probes of
AISI 1045 and SS 304, respectively, quenched in mineral
oil. The integral of heat flux or the total amount of heat
lost to the quenchant from the probe surface is
determined by integrating the heat flux (q) for time (t)
as shown in the equation below.

Q ¼
Zt 50ð Þ

t Ae1ð Þ

qdt ½35�

The limits of the integration t Ae1ð Þ and tð50Þ indicate
the times corresponding to the surface temperature
corresponding to the start of transformation, which is
taken as Ae1 and 50 �C, respectively. Since an apprecia-
ble amount of ferrite was not observed in the simulated
phase distribution, the starting of transformation was
considered from Ae1 and not Ae3 for AISI 1045 probes.
In the case of AISI 52100 probes, Ae1 temperature is
chosen as the start of transformation instead of Acm. It
is assumed that in 52100 steel probes, 0.94 wt pct
cementite phase is already existing at the austenitizing
temperature (860 �C), and the remaining austenite
(99.02 wt pct) is transformed into either pearlite, bainite,
or martensite depending on the rate of cooling.

The amount of heat loss (Q) is of the unit joule per
square meter (J/m2). To convert the amount of heat loss

into joule per unit weight (J/kg), Q is multiplied by the
lateral surface area of the probe and divided by the
weight, as shown in the equation below. D and L in the
equation are the diameter and length of the probe,
respectively.

Q
J

kg

� �
¼ Q

J

m2

� �
pDL

weight of probe kgð Þ ½36�

Since the top and bottom parts of the probe are
insulated, it is assumed that the heat transfer is
unidirectional and occurs only through the lateral
surface area of the probe. The weights of the steel
probes were found to be 0.057, 0.114, and 0.455 kg for
Ø12.5, 25, and 50 mm probes, respectively. Figure 18
compares the heat lost per unit weight of the steel
probes. Figure 18(a) compares the heat loss per unit
weight for Ø50mm AISI 1045 and SS 304 probe, while
Figure 18(b) compares the heat loss for Ø50mm AISI
52100 and SS 304 probe. Compared to the heat loss in
the SS 304 probe, the medium- and high-carbon steel
probes show increased heat loss. The additional amount
of heat lost is the enthalpy change due to the effect of
phase transformation. Finally, DQ is calculated as a
function of temperature by subtracting heat loss per unit
weight of AISI 1045 and 52100 steels from that of SS
304 steel probes of their respective diameters.

DQsteel Tð Þ ¼ Qsteel Tð Þ �QSS304 Tð Þ ½37�

The parameter DQ was calculated similarly for Ø12.5
and 25 mm probes of both steels quenched in mineral
oil, water, and agitated mineral oil. A nonlinear curve
fitting was performed to obtain a best-fit curve that
indicates the DQ irrespective of section thickness for a
particular steel grade. Figure 19 shows the regression fit
of DQ for AISI 1045 and 52100 steel probes, of various
section thicknesses, quenched in various quench media.

Fig. 17—Deriving integral of heat flux (Q) from estimated surface heat flux vs time data in 50-mm-diameter steel probes of AISI 1045 and SS
304 indicating the heat flux with and without phase transformation, respectively.
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A good fit was observed in the case of AISI 1045 steel
probes. The goodness of fit indicated by R2 was about
0.94 for mineral oil and agitated mineral oil, whereas the
goodness of fit for water was about 0.9. For 52100
probes, the goodness of fit was about 0.82 and 0.83 for
mineral oil and agitated mineral oil, respectively, while
water showed a lower correlation of 0.75. It should be
noted that the method proposed to calculate DQ is
subject to experimental and computational errors. The
reference probe, SS 304, used to obtain the heat flux
without phase transformation, shows an initial film
boiling stage, whereas the heat flux of steel probes

having phase transformation does not show any film
boiling during quenching. The difference in the steel/
quenchant interface heat transfer phenomena can induce
errors in calculating DQ. Therefore, the proposed
method is reasonably accurate and can be further
refined.
DQ was quantified as a function of probe temperature

using the following equation,

DQ ¼ A2 þ
A1 � A2ð Þ
1þ T

To

� 	p� 	 ½38�

Fig. 19—DQ for AISI 1045 and 52100 steel probes while quenching in mineral oil, water, and agitated mineral oil, respectively.

Fig. 18—Heat liberated per unit weight of the steel probes while quenching in mineral oil for 50-mm-diameter steel probes: (a) AISI 1045/SS 304
and (b) AISI 52100/SS 304.
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where A1, A2, To, and p are constants of the empirical
equation. Tables III and IV show the values of constants
of the Eq. [38] for AISI 1045 and 52100 steels quenched
in various media.

G. Effect of Quench Media and Composition of Steel
on DQ

Figure 20 shows the variation of DQ with quench
media for AISI 1045 and 52100 steels. It is observed that
for 1045 steel, quenching in mineral oil and agitated
mineral oil resulted in a gradual increase of DQ with the
decrease in the probe surface temperature from Ae1 to
50 �C. In contrast, water quenching resulted in a steep
rise in DQ at the start of martensitic temperature. For
52100 steels, a reverse trend was observed. Mineral oil
quenching showed a higher magnitude and sharp rise of
DQ as compared to agitated mineral oil and water. The

phase transformation in steels is of two types: (1)
diffusion-based, where the austenite is transformed to
ferrite, pearlite, and bainite, and (2) diffusion-less
transformation, where the austenite transforms to
martensite. In the case of mineral oil-quenched 1045
steel probes, diffusion-based transformations are signif-
icant alongside the martensitic transformation. The
diffusion-based transformation is time-dependent phe-
nomenon and occurs over a period of time. Hence, the
DQ curve rises gradually with the temperature.
On the other hand, fast cooling in water produces

higher phase fraction of martensite and lower phase
fractions of diffusion-based transformation. Hence, a
steep rise of DQ at about martensitic temperature is
observed. In the case of 52100 steel, martensite is the
significant transformation occurring in mineral oil and
water. Hence, the DQ remains minimum until a tem-
perature of 200 �C and a rise in DQ is observed
thereafter.

Table III. Constants of DQ Empirical Equation for AISI 1045 Steel

Constants

Mineral Oil Water Agitated Mineral Oil

Value Std. Deviation Value Std. Deviation Value Std. Deviation

A1 191.93 4.55 376.95 25.36 205.96 6.18
A2 � 28.16 11.0 � 8.35 13.75 � 38.66 19.76
To 408.85 12.5 185.38 13.0 438.95 22.16
p 4.76 0.60 2.37 0.39 4.09 0.67

Table IV. Constants of DQ Empirical Equation for AISI 52100 Steel

Constants

Mineral oil Water Agitated Mineral Oil

Value Std. Deviation Value Std. Deviation Value Std. Deviation

A1 575.65 34.95 138606.36 6.37 9 107 418.63 24.06
A2 24.38 7.97 � 11.73 28.37 39.38 5.77
To 125.70 4.70 0.125 56.81 127.41 3.13
p 7.54 1.72 0.024 0.75 19.10 10.57

Fig. 20—Comparison of variation of DQ with the change in the quenching medium.
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IV. CONCLUSIONS

� Metal/quenchant interfacial heat flux transients
showed a dip and rise due to the effect of phase
transformation.

� Without phase transformation, increasing the sec-
tion thickness of the steel increases the surface heat
flux, whereas, with phase transformation, the mag-
nitude of surface heat flux decreases with the
increase in section thickness. This was caused by
the liberation of latent heat and the decrease in the
thermal diffusivity of the steel probe owing to a rise
in the specific heat.

� The hardness predicted by the phase transforma-
tion-coupled IHCP model was in good agreement
with the measured hardness indicating that the
inverse model is accurate in estimating steel/quen-
chant interfacial heat flux with phase transformation.

� A phase transformation enthalpy parameter (DQ)
during quenching was proposed to characterize the
enthalpy change during phase transformations dur-
ing quenching of different grades of steels with
varying section thickness. DQ incorporates the
difference in the thermophysical properties and the
liberation of latent heat due to phase transforma-
tion. The parameter DQ was found to be the same
for a particular steel grade and is independent of the

section thickness of the component. However, DQ
was found to vary with cooling rates or the type of
the quench medium.

� The incorporation of phase transformation in the
quenching heat transfer model is complex due to the
vast material data inputs, such as the TTT/CCT
diagrams and thermophysical properties of steel that
vary with the steel grade. The vast material data
input required for quenching simulation makes it
complex in nature. Incorporating DQ in the phase
transformation-coupled heat conduction equation or
the IHCP minimizes the material data input and
thus simplifies the simulation process. A database of
DQ as a function of temperature and cooling rate
would ease modeling of heat transfer during quench
hardening.
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APPENDIX

See Figures A1, A2, A3, A4, A5, A6, A7, A8.

Fig. A1—Temperature vs time profiles measured at the geometric center and 2 mm from the surface of various section thickness SS 304, AISI
1045 and 52100 steel probes, respectively, quenched in water.
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Fig. A2—Temperature vs time profiles measured at the geometric center and 2 mm from the surface of various section thickness SS 304, AISI
1045 and 52100 steel probes, respectively, quenched in agitated mineral oil.
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Fig. A3—Curves of cooling rate vs temperature measured at the geometric center and 2 mm from the surface of steel probes made of SS 304,
AISI 1045 and 52100 with various section thicknesses, respectively, when quenched in water.
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Fig. A4—Curves of cooling rate vs temperature measured at the geometric center and 2 mm from the surface of steel probes made of SS 304,
AISI 1045 and 52100 with various section thicknesses, respectively, when quenched in agitated mineral oil.
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Fig. A6—Microstructure obtained at the geometric center and near the surface of AISI 1045 steel probes of diameters 12.5, 25, and 50 mm,
respectively, quenched in agitated mineral oil.

Fig. A5—Microstructure obtained at the geometric center and near the surface of AISI 1045 steel probes of diameters 12.5, 25, and 50 mm,
respectively, quenched in water.
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Fig. A8—Microstructure obtained at the geometric center and near the surface of AISI 52100 steel probes of diameters 12.5, 25, and 50 mm,
respectively, quenched in agitated mineral oil.

Fig. A7—Microstructure obtained at the geometric center and near the surface of AISI 52100 steel probes of diameters 12.5, 25, and 50 mm,
respectively, quenched in water.
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NOMENCLATURE

Ae3 Critical temperature for austenite–ferrite
transformation (�C)

Ae1 Critical temperature for austenite–pearlite
transformation (�C)

Acm Critical temperature for austenite–cementite
transformation (�C)

Bs Critical temperature for austenite–bainite
transformation (�C)

Cp Specific heat capacity (J/kgK)
D/Ø Diameter (m)
IHCP Inverse Heat Conduction Problem
k Thermal conductivity (W/mK)
L Length (m)
MS Critical temperature for austenite–martensite

transformation (�C)
m Mass/weight (kg)
q Heat flux (W/m2)
Q Amount of heat (J)
r Radius (m)
q Density (kg/m3)
t Time (s)
T Temperature (�C)
TTT Time–temperature transformation
DT Temperature difference (�C)
V Volume (m3)
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