Determination of Wetting Behavior, Spread Activation Energy,

and Quench Severity of Bioquenchants

K. NARAYAN PRABHU and PETER FERNANDES

An investigation was conducted to study the suitability of vegetable oils such as sunflower,
coconut, groundnut, castor, cashewnut shell (CNS), and palm oils as quench media (bioquen-
chants) for industrial heat treatment by assessing their wetting behavior and severity of
quenching. The relaxation of contact angle was sharp during the initial stages, and it became
gradual as the system approached equilibrium. The equilibrium contact angle decreased with
increase in the temperature of the substrate and decrease in the viscosity of the quench medium.
A comparison of the relaxation of the contact angle at various temperatures indicated the
significant difference in spreading of oils having varying viscosity. The spread activation energy
was determined using the Arrhenius type of equation. Oils with higher viscosity resulted in lower
cooling rates. The quench severity of various oil media was determined by estimating heat-
transfer coefficients using the lumped capacitance method. Activation energy for spreading
determined using the wetting behavior of oils at various temperatures was in good agreement
with the severity of quenching assessed by cooling curve analysis. A high quench severity is
associated with oils having low spread activation energy.
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I. INTRODUCTION

WETTABILITY can be defined as the tendency of a
liquid to spread on a solid substrate. The contact angle
is widely used to measure the wettability of liquid on a
solid surface. It is an important parameter in surface
science. Contact angle measurements provide a simple
and reliable technique for interpretation of surface
energies.""*?! The spreading of a liquid drop on a solid
can be studied with the knowledge of contact angle
measurement and material properties.*>® The spread-
ing of a liquid drop on a horizontal solid surface can be
divided into high speed impact spreading, which is
inertia dominated or forced spreading and low speed
impact spreading dominated by surface tension. Spon-
taneous spreading occurs when the impact speed is equal
to zero.”! Gu ez al. developed a model to study the
spreading process of liquid drop on the solid surface.®!
The spreading model accounts for the inertial, viscous,
and gravitational forces; the interfacial tensions; and the
contact angle of the solid-liquid-fluid system. The model
could predict the spontaneous spreading of a liquid drop
on a solid surface.

Wettability can be characterized by the degree and the
rate of wetting.”!” The degree of wetting indicates the
extent to which the liquid wets the surface and is
generally quantified in terms of contact angle formed at
the three-phase interface. As a droplet impinges on a
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solid surface, it spreads under the influence of the
inertial and gravitational forces. The restraining forces
are due to wall shear stress and surface tension. The
surface tension forces are influenced by the contact
angle between the liquid and solid surfaces.'"! Under
equilibrium conditions, it is dependent on the surface
and interfacial energies involved at the solid/liquid
interface. Interfacial phenomena in the three-phase
contact line region, where the liquid vapor interface
intersects a solid surface, are important for many
equilibrium and nonequilibrium phenomena such as
contact angle, adsorption, spreading, evaporation boil-
ing, wetting, erc.!' The rate of wetting indicates how
fast the liquid spreads on the surface. It is influenced by
a number of parameters such as surface texture,
temperature of the liquid medium, and substrate and
intrinsic properties of the liquid medium. The spreading
process is a temperature-dependent and thermally acti-
vated process and is influenced by activation energy.!'*
The angle formed during the spreading of the liquid
drop on the solid surface is called the dynamic contact
angle. The drop will become thinner with the increase of
the contact radius of the drop and decrease in the height
at the center. As a result, the contact angle decreases
with spreading as the radius of the drop increases.!"* As
the drop spreads, the contact angle 0 relaxes from its
initial maximum value of 180 deg at the point of contact
to its equilibrium angle in the case of partial wetting or
zero if the liquid wets the solid completely.!'”
Equilibrium contact angles are functions of surface free
energies of the solid substrate and the liquid in contact
with it. The equilibrium contact angle depends on the
liquid, vapor, material of the surface, surface roughness,
and surface impurities. The spreading process will
continue until equilibrium is achieved.!"® This equilibrium
contact angle represents the extent to which the liquid
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spreads over the substrate. The basic mathematical
treatment of wetting of a solid surface by a liquid is given
by the Young-Dupre equation (Eq. [1]), which assumes
equilibrium of interfacial energies. A drop of a liquid put
on a solid will modify its shape until the equilibrium is
attained. Figure 1isa schematic sketch of a sessile drop of
liquid resting on a solid surface. The balance of interfacial
energies under equilibrium yields an expression for
contact angle (0) formed at the three-phase contact point
given by

cosf) = (’ysv - Vsl)/ylv [1]

Here, y represents surface energy and the subscripts s,
[, and v indicate solid, liquid, and vapor phases,
respectively. An angle of 180 deg indicates zero adhesion
between the liquid and surface and therefore represents
a total nonwetting condition. For practical purposes, the
liquid is said to wet the surface of solid when the contact
angle is less than 90 deg. On the other hand, if the
contact angle is greater than 90 deg, the liquid is
considered as nonwetting. In such cases, the liquid drop
tends to move about easily on the substrate surface and
does not have any tendency to enter into pores or holes
by capillary action. The spreading of industrial oils with
various viscosity and surface tension values over the
surface of steel substrates has been investigated by
Cherednichenko er al.l'® The variation of the radius r of
the spreading spot followed the power law relationship
of the type A = kt", where k is a proportionality factor,
t is the time, and n = 0.2. The surface tension and the
viscosity of the spreading oil were recommended for
characterizing the spreading ability of oils.

Quenching consists of raising the temperature of steel
above a certain critical temperature called austenitizing
temperature usually in the range of 850 °C to 870 °C and
holding it at that temperature for a fixed time and then
rapidly cooling in a suitable quench medium to room
temperature. Quenching is done to prevent ferrite or
pearlite formation and to allow the formation of bainite
or martensite. Quenching of steel in liquid medium
consists of three distinct stages of cooling: the vapor
blanket stage, nucleate boiling stage, and convective
stage. In the first stage, a vapor blanket is formed
immediately upon quenching. This blanket has an
insulating effect, and heat transfer in this stage is slow
because it is mostly through radiation. As the temper-
ature drops, the vapor blanket becomes unstable and
collapses, initiating the nucleate boiling stage. Heat

Substrate (s)

Fig. 1-—Schematic sketch showing the evolution of the contact angle
(0) at a solid/liquid interface.
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removal is the fastest in this stage, due to the heat of
vaporization, and continues until the surface tempera-
ture drops below the boiling point of the quenching
medium. Further cooling takes place mostly through
convection and some conduction.!” The resulting
properties from quenching depend on cooling rate,
quenchant, and thermophysical properties of steel. The
effectiveness of quenching depends on the cooling
characteristics of the quenching medium as related to
the ability of steel to harden."® The information on the
selection and use of oil, water, salt, aqueous polymers,
brine, fluidized bed, and high-pressure gas (i{uenching
are discussed in detail by Totten er all" Quench
severity refers to the ability of a quenchant or a
quenching system to extract heat from a sample during
quenching. The function of a quench medium is to
enhance heat-transfer rates from the hot metal during
the quenching process. The rate of heat transfer is
influenced by the ability of liquid to wet the surface of
the component during quenching. Tensi and Lainer®”
studied rewetting and heat transfer during immersion
quenching of high-speed quenching oils. The wettability
of a surface was quantified by measuring “wetting”
times.

With the increase in awareness and importance
attached to environmental issues such as global warm-
ing, more environmentally friendly quench media are
developed as alternatives to mineral oil. The use of
soybean oil as a quench medium was studied in
Reference 21. Vegetable oils have poor oxidative prop-
erties and their performance as a quench medium can be
enhanced by using suitable antioxidants.?? A bioquen-
chant can be defined as a renewable quench medium
derived from vegetable sources such as sunflower,
coconut, palm, and groundnut. Vegetable oils are
abundantly available and are cheaper than mineral oil.
They are biodegradable and eliminate harmful emis-
sions. An investigation was conducted in the present
work to determine the wetting behaviour and severity of
quenching of vegetable oil quench media.

II. EXPERIMENT

For wetting studies, the experimental setup consisted
of a dynamic contact angle analyzer (FTA 200). The
equipment is capable of capturing and analyzing the
spreading process of a liquid on a solid substrate. The
equipment has a flexible video system for measuring the
contact angle, surface, and interfacial energies. A
droplet of test liquid was dispensed using a surgical
syringe with a precision flow control valve onto the steel
substrate, and the spreading phenomenon was recorded
at 60 images per second. Captured images were analyzed
using FTA image analysis software to determine the
contact angle. The measurement errors associated with
the contact angle measurement are attributed to the
electronic noise in the image and the baseline uncer-
tainty. In the FTA instrument, the error associated per
pixel is about 0.5 deg. The baseline could be set
manually to minimize this error. The experiments were
repeated to ensure the consistency of the test results. The

METALLURGICAL AND MATERIALS TRANSACTIONS B



analysis of variance (ANOVA) method was used to
compare the experimental data sets. The statistical
results were interpreted by evaluating the F ratio. If
the F value is greater than F.;, then there is a
statistically significant difference. For example, with
cashewnut shell (CNS) liquid, the calculated values of F
and F.; were found to be 0.083 and 6.7, respectively, at
99 pct confidence level. Hence, it was concluded that the
differences in the contact angles obtained with two
experimental trials were not statistically significant.
Similar results were obtained with other oils as well.

The temperature of the substrate was maintained at
30 °C, 50 °C, 75 °C, 100 °C, 125 °C, 150 °C, and 175 °C
in a temperature-controlled environment chamber. The
surface of the substrate was prepared by using different
grades of emery papers to attain a mean surface
roughness (R,) of 0.75 = 0.02 um. R, is the arithmetic
mean of the absolute value of the profile departures
from the centerline within the evaluation length. The
surface roughness (R,) was measured using a surface
roughness tester (Mitutoyo Surftest-211). Mineral oil
(SN 150) and six commercially available vegetable oils,
namely, sunflower, coconut, palm, groundnut, castor,
and CNS oil, were used as test liquids for wetting studies
on stainless steel (type 304) substrate. Table I gives the
typical fatty acid composition of vegetable oils.

For assessment of quench severity, the experimental
setup consisted of a vertical tubular electric resistance
furnace open at both ends. A beaker containing
2000 mL of quenchant was placed directly underneath
the furnace so that the heated probe could be transferred
quickly to the quenching medium. Quench probe was
prepared from type 304 stainless steel for assessment of
quench severity. The probe was instrumented with a
calibrated K-type thermocouple of 0.45-mm diameter
enclosed in a ceramic sheath of 3-mm diameter. The
thermocouple was inserted in a hole of diameter 3 mm
drilled on the top surface of the probe and care was
taken to ensure tight fit and good contact condition. The
thermocouple junction was exposed and is in direct
contact with the probe for quick response. The time
constant of the thermocouple used was found to be
0.4 seconds in water medium. The other end of the
thermocouple was connected to a PC-based temperature
data acquisition system (NI SCXI 1000) via a compen-
sating cable. The dimensions of the probe and the
location of the thermocouple are given in Figure 2. The
probe was heated to 850 °C in an electric resistance
furnace and was quickly transferred to a beaker

TC
Quench probe

All dimensions are in mm

Fig. 2—Schematic sketch of the quench probe immersed in the
quench medium.

containing 2000 mL of quench medium. The ratio of
the mass of quench medium to the stainless steel probe
was about 33 for all the experiments.

III. RESULTS AND DISCUSSION
A. Effect of Temperature on Wetting Behavior

Figure 3 shows the photographic images of relaxation
of coconut oil droplet on a stainless steel substrate at
different temperatures. High contact angles were
observed during initial stages of the relaxation for all
oil media. The relaxation of the contact angle was sharp
during the initial stages, and it became gradual as the
system approached equilibrium. The contact angle
decreases with increase in temperature of the substrate.
Figure 4 shows the typical contact angle relaxation
curve of oil medium on a stainless steel substrate at
various temperatures. Figure 5 shows the effect of
temperature on equilibrium contact angles of oil media.
It clearly shows that the equilibrium contact angle
decreases with the increase in the temperature of the
substrate. In the present study, the equilibrium contact
angle (0) was defined as the contact angle during
relaxation of liquid media beyond which df/dt is <0.01
deg/ms. A higher equilibrium contact angle was
obtained for castor oil (36 deg), and a lower equilibrium
contact angle was obtained for sunflower oil (19 deg) on
a stainless steel substrate at 30 °C. Palm oil shows the

Table I. Fatty Acid Composition of Bioquenchants

Type of Fatty Acids, Wt Pct

Bioquenchant Saturated Monounsaturated Polyunsaturated
Sunflower oil 12 19 69
Coconut oil 92 6 2
Palm oil 50 40 10
Groundnut oil 20 54 26
Castor oil 3 91 6
CNS oil 25 58 17
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Fig. 3—Typical images showing the relaxation of contact angle at
(a) 30 °C, (b) 75 °C, and (c¢) 175 °C. Quench medium: coconut oil.

intermediate equilibrium contact angle value (21 deg).
Equilibrium contact angles decreased to 13, 8, and 10
deg for castor, sunflower, and palm oils on a stainless
steel substrate at 175 °C, respectively. Figure 6 shows
the temperature dependency of spreading of liquid
media. The time required to reach the equilibrium state
decreased with the increase in temperature. The relax-
ation time to reach the equilibrium state was higher for
castor oil (1433 ms at 30 °C) and lowest for sunflower
oil (866 ms at 30 °C). The relaxation time decreases with
the increase in temperature of the substrate.

Figure 7 shows the plot of In (spread radius) vs In
(time) for palm oil. It consists of three regimes, namely,
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Fig. 4—Effect of temperature on relaxation of contact angle of
sunflower oil.
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Fig. 5—Effect of temperature on equilibrium contact angle of differ-
ent oil media.

capillary, gravity, and viscous. At higher temperature
(175 °C), palm oil spreading was almost terminated and
is indicated by the viscous regime. However, at a lower
temperature (30 °C), the spreading was still in the
gravity regime with nearly a constant slope. This
indicates that the spreading of the oil has not been
terminated. Figures 8 through 10 show corresponding
plots for coconut, mineral, CNS, and castor oils during
spreading on stainless steel substrate at 30 °C, 100 °C,
and 175 °C, respectively. The spreading behavior of
different oils on stainless steel substrate at various
temperatures consisted of an initial capillary regime
followed by gravity and viscous regimes. Significant
spreading was observed in all liquid media at higher
temperatures. The higher spread area is the indication of
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Fig. 6—Temperature dependency of spreading of different oil media.
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Fig. 7—Rate of spreading of palm oil at 30 °C showing (a) capillary,
(b) gravity, and (c) viscous regimes.

the spreading of liquid drop during relaxation resulting
in a lower contact angle. The oil started spreading
rapidly with a relatively high velocity resulting in a
sharp increase of base area during early stages of
spreading. However, within a very short period, the
spreading rate significantly reduced to almost zero,
indicating the stabilization condition. This is due to the
attainment of equilibrium between the various surface
forces under action. The further relaxation of contact
angle, increase of spread area, and variation in velocity
were found to be negligible. Viscous forces dominated
the spreading of oil at lower temperatures. Hence,
during spreading of oil at lower temperatures, longer
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Fig. 8—Rate of spreading of different oils at 30 °C showing various
regimes.
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Fig. 9—Rate of spreading of different oils at 100 °C showing various
regimes.

periods of time are generally required to achieve
equilibrium. Spreading was almost terminated in the
viscous regime at higher temperature (175 °C) for all oil
media except CNS oil. This was indicated by the
negligible change in the base radius due to viscous
forces. However, spreading of CNS oil was still in the
gravity regime (at 175 °C), indicating that spreading has
not been terminated. At 30 °C, spreading was in the
gravity regime for all oil media, whereas at 100 °C,
spreading was terminated in the viscous regime for all oil
media except castor and CNS oils. The CNS oil
exhibited a unique spreading behavior. During spread-
ing of CNS oil, longer periods of time are required to
achieve equilibrium. A comparison of the relaxation of
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Fig. 10—Rate of spreading of different oils at 175 °C showing vari-
ous regimes.

contact angle at various temperatures indicated the
significant difference in the spreading behavior between
lower viscosity sunflower oil with highly viscous castor
oil. Mineral oil (SN150), a conventional quench
medium, exhibited the intermediate spreading behavior.
The variation of kinematic viscosity of different oils at
various temperatures is shown in Figure 11. The lowest
kinematic viscosity of 0.3975 x 10 * m?/s was obtained
for coconut oil, and the highest kinematic viscosity of
4.88 x 10 * m?/s was obtained for castor oil at 30 °C.
Viscosity of oils decreases with the increase in temper-
ature. All of the oils have nearly equal densities
(0.9 £ 0.02 g/cc), and almost equal quantities of oil
drops were dispensed during experiments. Therefore, the
gravity effect during spreading should be identical.
However, the viscosity values for these oils are signif-
icantly different. Coconut and sunflower oils have low
viscosities and therefore spread faster. On the other
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Fig. 11—Variation of viscosity of different oils with temperature.
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hand, viscosity of castor oil is high and resulting in a
slow spreading on a substrate. The spreading rate
increased due to the increase in temperature of the
substrate. This is due to the fact that the increase in
temperature reduces both the viscosity of liquid media
and the surface energy, resulting in enhanced spreading.
Among oils, lower viscosity oils such as sunflower and
coconut oils show the higher base radius as compared to
higher viscosity castor oil. Oils having higher viscosity
offer greater resistance to flow during spreading as
compared to lower viscosity oils, resulting in a higher
equilibrium contact angle.

B. Determination of Activation Energy for Spreading

The relaxation of contact angle was very fast and the
initial droplet images could not be recorded. It was
assumed that at time z = 0, the contact angle is 180 deg
for all the oils. However, during experiments, the actual
contact angle values obtained initially were significantly
lower than 180 deg due to the rapid spreading of the
droplets immediately on contact with the substrate.
Lower initial contact angles were obtained with oils
having lower viscosity. For all of the vegetable oil
experiments, the time required to reach 20 deg was
measured and the rate of contact angle relaxation was
computed for temperatures varying from 30 °C to 175 °C.
Figures 12 and 13 show the variation of contact angle
relaxation rate with the reciprocal of absolute tempera-
ture for various oil media. The rate of relaxation of
contact angle rate was maximum at higher temperatures.

The variation of rate of contact angle relaxation with
temperature could be described by an Arrhenius type of
equation as

A0 —E,
— =Aexp | =— 2
At p RT 12
where
9
*
A
7 -
= Sunflower oil
N
D
2
£
5 | Palm oil
Coconut oil
3 T T T T
2 2.3 2.6 2.9 3.2 3.5
1/T (K'1)

Fig. 12—Arrhenius plot of spreading of sunflower, coconut, and
palm oils.
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Fig. 13—Arrhenius plot of spreading of mineral, groundnut, castor,

and CNS oils.

Af/At = rate of contact angle relaxation,

E, = activation energy of the liquid (J/mol),
R = the gas constant (8.314 J/mol K), and
T = the absolute temperature (K).

Equation [2] is rewritten as
A0 —E,

A plot of In (AO/Af) vs 1/T is a straight line of the type

y=mx+b
where

x=1/T,
y =1In(A0/Ar),
b=1In A, and
m=—FE,/R.

From the slopes of straight lines (Figures 12 and 13),
the activation energy for relaxation is computed. An
increase in temperature increases the relaxation rate.
Higher values of activation energy indicate a greater
temperature dependency of contact angle relaxation.
The estimated activation energies for relaxation for
various vegetable oils along with conventional mineral
oil are given in Table II. Castor oil shows the maximum
activation energy of 24.9 kJ/ mole compared to other
oils. The sunflower oil has the lowest activation energy
of 16.9 kJ/ mole. Activation energy plays an important
role in spreading phenomenon of oil media. More
spreading was observed in sunflower oil having lower
activation energy as compared to castor oil with higher
activation energy. Spreading of sunflower oil was
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Table II. Estimated Spread Activation Energies of Various
Oil Quenchants

Medium Activation Energy (J/mole)
Sunflower oil 16,960
Coconut oil 17,243
Palm oil 18,149
Mineral oil 18,506
Groundnut oil 24,409
Castor oil 24,950
CNS oil 18,906

terminated early as compared to castor oil. The low
spread activation energy of sunflower oils makes it
spread faster than other oils on the stainless steel
substrate. Castor oil showed poor spreading due to its
higher activation energy. The spread activation energy
was found to be influenced by the fatty acid composition
of oils. Oils having a higher percentage of monounsat-
urated fatty acids generally showed higher spread
activation energy and lower degree of spreading.

C. Assessment of Severity of Quenching

Heat-transfer characteristics of vegetable oils along
with the conventional mineral oil were determined
during lateral quenching of stainless steel (type 304)
probe. Figure 14 shows the typical cooling curve of the
stainless steel probe subjected to lateral quenching.
Cooling rate parameters during immersion quenching of
stainless steel probe in different oil media are given in
Table III. A highest peak cooling rate of 42 °C/s was
obtained for both sunflower and coconut oils at 661 °C
and 663 °C, whereas castor oil shows the lowest peak
cooling rate of about 29 °C/s at 747 °C during
quenching.

Time-varying heat-transfer coefficients were calcu-
lated from the experimentally measured cooling curves

1000
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o
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o
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Fig. 14—Typical thermal history during immersion quenching.
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Table III. Measured Cooling Rate (CR) Parameters during Immersion Quenching of Stainless Steel Probe in Various Oil Media
Peak CR Temperature at CR at 600 °C CR at 500 °C CR at 400 °C CR at 300 °C
Quench Media (°C/s) Maximum CR (°C) (°C/s) (°C/s) (°C/s) (°C/s)
Sunflower oil 42 661 35 29 12 6
Coconut oil 42 663 35 23 12 6
Palm oil 41 662 35 28 13 7
Mineral oil (SN150) 38 750 28 18 12 6
Groundnut oil 35 735 29 23 12 6
Castor oil 29 747 28 23 12 6
CNS oil 35 741 29 23 12 6

by assuming Newtonian cooling (Bi = hL.k < 0.1) of
the probe. Bi is the Biot number, L. is the characteristic
length (V/A) of the probe, and k is the thermal
conductivity of the probe material (type 304 stainless
steel). If the temperature of the probe is uniform during
the cooling process (Bi < 0.1), the heat loss from the
probe Q is equal to the decrease in internal energy of the
probe. Thus,

0t~ 1) = -Cor(2) W

where

O = the heat flow rate, W;
h = heat- trdnsfer coefﬁcwnt on the probe surface,
W/m? K;
A = surface area of the probe, m?;
T, = temperature of the probe, K;
T, = temperature of the quench medium, K;
C, = specific heat of the probe material, J/kg K;
p = specific density of the probe material, kg/m?;
V' = volume of the probe, m®;
= time, s; and
(dT,/dt) = cooling rate of the probe, K/s.

The quenchant temperature (7,) around the probe is
assumed to be uniform and the preceding equation is
rearranged as

4= h(1,~1,) =~ (dd—f) s

The heat-transfer coefficient (4) can be calculated
from the cooling rate (d7),/dr) using the equation

Equation [6] shows that the preciseness of the heat-
transfer coefficient estimated depends on the accuracy of
the cooling rate obtained from the cooling curve data. In
the present work, experiments were repeated at least
twice and the ANOVA technique was adopted to
compare the cooling curves obtained with the same
quench medium. The experimental data sets between
which there was no statistically significant difference
were used in the lumped capacitance model to assess
heat-transfer coefficients.
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To determine the effect of the presence of thermocouple
on the measured thermal history, heat-transfer simulation
was carried out for the probe with and without the
alumina thermocouple sheath having a diameter of 3 mm.
A one-dimensional Fourier heat conduction equation was
solved directly with boundary heat-transfer coefficients of
800 and 400 W/m? K. The thermal histories obtained
with and without the thermocouple are compared. At a
heat-transfer coefficient of 800 W/m? K, the variation
between the thermal histories was less than 2 pct at all
temperatures. At the lower boundary heat-transfer coef-
ficient of 400 W/m? K, there was no significant variation
between the thermal histories, and the variation was
below 1 pct. The contact resistance between the thermo-
couple sheath and the stainless steel probe was assumed to
be negligible in the simulation. Figure 15 shows the
thermal histories at the geometric center of the probe
computed for a boundary heat-transfer coefficient of
800 W/m” K with and without the thermocouple.

Figures 16 and 17 show the variation of heat-transfer
coefficients (4) with time during lateral quenching of
stainless steel probe in different oil media. Sunflower oil
shows the maximum peak heat-transfer coefficient
(755 W/m? K), and castor oil shows the minimum peak
heat-transfer coefficient (630 W/m? K). The peak heat—
transfer coefficients obtained with palm oil (713 W/m? K)
were comparable to mineral oil (698 W/m? K), a conven-
tional quench medium. The cooling rate and heat-transfer
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Fig. 15—Effect of the presence of thermocouple on thermal history
at the geometric centre of the probe.
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Fig. 16—Heat-transfer coefficients for sunflower, coconut, and palm
oils.
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Fig. 17—Heat-transfer coefficients for groundnut, mineral, castor,
and CNS oils.

coefficients were found to be strongly dependent on the
viscosity of quench medium. A lower heat-transfer rate
was observed with higher viscosity oils. Higher viscosity
castor oil shows the lowest rate of heat transfer as
compared to other oil media, whereas low viscosity
sunflower and coconut oils show high rates of heat transfer.

Spread activation energies determined using the
wetting behavior of oils at various temperatures were
in good agreement with quench severities assessed by
cooling curve analysis. Based on the quench severity and
activation energy, the effectiveness of quenching of oil
media could be arranged in the following order.

Sunflower oil > Coconut oil > Palm oil >
Mineral oil> CNS oil > Groundnut oil
> Castor oil

METALLURGICAL AND MATERIALS TRANSACTIONS B

Lower heat-transfer coefficients were obtained for
castor oil due to its poor rate of spreading. A high
quench severity is associated with oils having low spread
activation energy. Palm and CNS oil could be used as
effective bioquenchants for industrial heat treatment.
The CNS oil is cheaper compared to the other vegetable
oils. However, palm oil has superior oxidation strength,
as indicated by its lower total acidity number (TAN).
The TAN value of palm oil (1.28 mg of KOH/g) is
significantly lower than CNS oil (86.5 mg of KOH/g)
and mineral oil (2.3 mg of KOH/g).

IV. CONCLUSIONS

The severity of the quenching and wetting behaviors
of bioquenchants were assessed in the present work to
study the suitability of vegetable oils for industrial heat
treatment. Based on the results of the investigation, the
following conclusions were drawn.

1. Equilibrium contact angle of quench media decreases
with increase in the temperature of the substrate.
During spreading of oil at lower temperatures, longer
periods of time are generally required to achieve
equilibrium. The time to reach the equilibrium state
decreases with an increase in temperature.

2. Lower viscosity oils show better spreading and im-
proved wettability on the stainless steel substrate as
compared to viscous oils.

3. The temperature-dependent contact angle data were
used to determine the spread activation energy of
quench media. The activation energy for spreading
was maximum for sunflower oil and minimum for
viscous castor oil.

4. The spread activation energies determined using the
wetting behavior of oils at various temperatures
were in good agreement with the severities of
quenching assessed by cooling curve analysis. A
high quench severity is associated with oils having
low spread activation energy.
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