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ABSTRACT

The present investigation involved the characterization of nanofluids and study of heat
transfer characteristics of vegetable oil quench media for heat treatment of steels.
Nanoquenchants were formulated by the two-step method. The wetting kinetics and
kinematics of quench media were studied by measuring the contact angle and online
video imaging during quenching. CuO, MWCNT and graphene based nanofluids
showed better wetting and spreading ability compared to distilled water. In nanofluids,
the stabilization of the vapour phase stage resulted in low severity of gquenching.
Spatiotemporal heat flux transients were estimated by using a 2-D IHCP model during
of quenching of 1SO 9950 inconel probe. The study showed increased heat extraction
capabilities of graphene and MWCNT nanofluids compared to distilled water under
agitated quenching conditions. Heat extraction rates were found to be lower for CuO

nanofluids.

The use of edible and non-edible vegetable oils for quench hardening was investigated
by comparing their heat transfer characteristics with a mineral oil. The study showed
the excellent potential of non-edible vegetable oils for quench hardening of steels.
Karanja oil was found to be superior compared to neem and sunflower oils. To simulate
the industrial quench heat treatment, reference probes made of medium and high carbon
steels were quenched and heat flux transients were estimated by taking into account the
phase transformation. The cooling curves obtained with reference probes made from G
10450 and G 10900 steels showed kinks indicating enthalpy change accompanied with
phase transformations during continuous cooling. This was reflected in the estimated
heat flux curves. The effect of viscosity, density and surface tension of quench media
on the mean peak heat flux was quantified using a power fit model. The section
thickness effect on heat flux transients was examined by using probes of diameters 25
mm and 50 mm. The cooling rates measured at various locations along the cross section
of reference probes of both thicknesses were related to the hardness using the Quench
Factor technique. The heat transfer characteristics of the quench media, the evolved

microstructure and the resulting hardness were in complete agreement.

Keyword: Nanofluids; vegetable oils; quenching; heat transfer; section thickness

microstructure; hardness
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Chapter 1 INTRODUCTION

The history of hardening steel has been reported to date back to about 800 BC
(MacKenzie 2006). Since these times, the technology of quench hardening steel has
come a long way from quenching of steel in blood to using water, synthetic oils,
vegetable oils, aqueous polymers, their blends and others. The process involves heating
steel in the range of 850-870 °C for austenitizing followed by introduction of the metal
into a suitable quench medium for strengthening (Ramesh and Prabhu 2012). The
outcome of the quenching process depends on: (i) characteristics of the steel being
quenched (ii) characteristics of the quench medium used and (iii) the conditions
prevailing during the process (Grum et al. 2001). The main objective of the hardening
operation is to obtain maximum hardness in the steel and minimize the evolution of
internal stresses. Quench medium that is used to extract heat must be carefully chosen
to meet the objectives of the hardening process. The ability of the quench medium to
harden steel is limited by its characteristics. Spatiotemporal heat flux estimated at the
metal/quenchant interface with the aid of cooling curves measured in accordance with
ISO 9950 standard provides valuable information that helps in the selection of the
medium. However, such information is limited as it does not consider the heat evolved
due to phase transformation and the effect of section size of the steel being quenched.
The section size of the quenched steel influences the cooling rate during quenching
(Fernandes and Prabhu 2007, Grum et al. 2001) and is an important variable that must

be considered during assessment of heat transfer.
1.1 Scope of the Investigation

A review of the literature suggests a significant increase in the thermal conductivity of
nanofluids compared to water. This has an important implication in quench hardening.
Although water has high severity of quenching, its use is not recommended in thin
sections having high quench sensitivity and complex shaped components. Moreover,
water has poor wettability compared to other quench media which causes distortion and
crack formation in the quench parts. Water based nanofluids have shown higher wetting
ability compared to water. The suitability of water based nanofluids as quench media
requires the estimation of both quench severity and quench uniformity of nanofluids.

The estimation of spatiotemporal heat flux transients by solving the inverse heat
1



conduction problem (IHCP) is a useful tool for assessing both the cooling power and

cooling uniformity of quench media.

Mineral oils are the most widely used quench media to heat treat steels (Ramesh and
Prabhu 2014a). However, their use causes environmental problems (Totten et al. 1999).
An alternative solution to using mineral oil is the use of vegetable oils as quenching
media because of their favourable bio-degradability. A significant work has been
carried out to assess the suitability of vegetable oils as quench media. Most of the
vegetable oils investigated were edible. India, imported nearly 127 lakh tones of
vegetable oil during the year 2014-2015 (Department of Food and Public Distribution
2018). Presently, 2.5% of India’s oil bill accounting to about 65,000 Crores is used in
importing edible vegetable oils (Ghosal 2017). The use of edible oils in industrial heat
treatment is thus not recommended, in the Indian context. A more feasible solution to
this would be the use of non-edible vegetable oils that are produced in the country.
Assessment of their quench characteristics and comparing them with those obtained for
mineral oils would enable the assessment of the viability of non-edible oils for quench

hardening applications.

Inconel/stainless steel probes machined to ISO 9950 or similar standard are useful only
for the characterization of quench media. Their use is limited in predicting the
microstructure and hardness as they do not undergo phase transformation. Moreover,
the data obtained from such probes do not provide information concerning the effect of
section size on heat transfer characteristics of carbon steels. It is well known fact that
the surface of the steel cools faster compared to its interior because of its proximity to
the quench medium. The differential cooling influences heat transfer at the
metal/quenchant interface affecting microstructure and hardness. To assess these
effects, the inverse solution to heat conduction problem must consider the phase
transformation during quenching of reference probes made from carbon steels of

different section sizes.



1.2 Objectives of the Research Work
The following are the objectives of the present investigation:

1. To prepare nanofluids of various concentrations and determine their wetting

characteristics.

2. To assess the suitability of nanofluids as quench media by estimating spatially
dependent heat flux transients using a standard inconel probe and to compare their heat

transfer characteristics with conventional quench media.

3. To use non-edible vegetable oils for quench hardening and assess their cooling

power, thermal and heat transfer characteristics.

4. To determine the effect of section thickness and agitation on heat transfer during

quenching.

5. To estimate heat flux transients during quenching of reference probes of carbon steels

in non-edible oils by considering phase transformation.

6. To study the effect of cooling rate on microstructure and hardness of reference
probes.

1.3 Organization of the Thesis

The thesis is divided into six chapters. Chapter 1 presents introduction, followed by the
scope and objectives of the present research work. Chapter 2 provides the literature
reviewed on quenching, nanofluids, oil quench media and quenching of steels. Chapter
3 describes the experimental set-up, materials used and the methodology followed
during the investigation. Chapter 4 presents the results of the experiments carried out.
Chapter 5 gives a detailed analysis of the results, interpretation and the related
discussion. Chapter 6 lists the conclusions drawn based on the discussion and

experimental findings.



Chapter 2 LITERATURE REVIEW

Steel alloys in their as produced condition consist of ferrite-pearlite microstructure. The
mechanical properties of such steels are limited in their capability to handle load.
Quench hardening is a solid-state transformation process. It consists of heating steels
that contain carbon content ranging from 0.4 to 2% to temperatures that are 50-60°C
above their austenitizing temperature and maintaining that temperature to
hmomogenize the alloy followed by introducing the red-hot steel into a quenching
medium. In India, the era during which steels were first quenched is unknown.
However, Wootz steel that was used to produce swords and daggers by quenching in
water were carried out till the 19" century (Srininvasan and Ranganathan 2017). The
science of quantifying the outcome of quenching and the effect of alloying addition on
steel properties was developed after approximately 1850 AD (MacKenzie 2006). At
present our understanding of quench hardening shows that, the operation of quenching
involves heat transfer from the metal alloy to the quenching medium. Heat transfer is
an imperative process that leads to the development of microstructure and formation of
stress. Hence, the objective of quenching heat treatment is to enhance the mechanical
properties while minimizing the accompanying ill-effects of distortion and crack
formation in steels. The rate and the uniformity at which heat is transferred during
quenching decides the extent of enhancement and/or degradation and must be

understood by the heat treater before commencement of the operation.
2.1 Stages of Heat Transfer During Quenching

The three heat transfer modes that operate during quenching process are radiation,
conduction and convection. These modes occur either individually or in combination.
Depending on the dominating mode each stage during quenching is classified into (i)
vapour phase stage (ii) nucleate boiling stage and (iii) convective cooling stage. The
steel alloys to be hardened is heated to an elevated temperature that generally ranges
between 850 - 1200°C. The hot steel is then immersed into a liquid quench medium.
The instant at which the steel contacts the medium, the liquid wets the metal surfaces
and immediately vaporises, forming an envelope around the metal. This symbolises the
first stage of heat transfer known as the vapor phase stage. Heat is transferred primarily

by conduction and radiation mode during the vapor phase stage. A pictorial
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representation of the quenching stages and the cooling curves obtained during the
immersion cooling process is shown in Figure 2.1. Heat transferred during stage one is
slow and low shown by the gradual sloping portion at the beginning of the cooling
curve. The initial slow cooling of the metal is due to the insulating nature of the vapor
medium. With continued cooling, the temperature at the surface of the probe falls below
the Leidenfrost temperature of the liquid. At this instant, the liquid medium rewets the
metal surface. Rewetting of the metal surface by the liquid is an important
thermophysical phenomenon as it significantly influences the remaining stages. On
rewetting, heat transfer from the metal accelerates and numerous bubble nucleate,
collapse and depart from the metal surface. The cooling stage thus enters the nucleate
boiling stage. Heat transfer during this stage primarily occurs by conduction and
boiling. The slope of the cooling curve during the second stage is markedly different
from the first stage and shows an increased rate of decrease in temperature. As the metal
cools, its temperature drops below the boiling point of the liquid quench medium. The
boiling of the liquid then ceases to occur and the cooling stage exits into the convective
stage. Heat transfer occurs primarily by convection during this stage with the metal

surface in complete contact with the surface of the metal.
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Figure 2.1: Stages of cooling during quenching in liquid medium

The cooling curve during the convective stage shows a gradual reduction in temperature
with the surface temperature of the metal reaching that of the liquid medium

temperature.



2.2 Variables Influencing Quenching Process
The variables that influence the quenching operation are broadly categorized into

e The types and characteristics of quenching media used
e Characteristics of steel part to be quench hardened and

e The quenching condition under which the hardening operation is done
2.2.1 Types and characteristics of quenching media

The various liquid quench media are broadly classified under aqueous and non-aqueous
quench media and are shown in Figure 2.2. The quench severity of aqueous media is
higher compared to those under the non-aqueous category. Further, aqueous and oil
quench media vaporize during the quench hardening operation compared to the molten
media. these two class of quench media undergo boiling resulting in faster heat removal
than molten salts and metal quench media (Luty 2010). In other words, aqueous and oil
media undergo boiling causing more and faster heat extraction from steels compared to

the molten media.
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Figure 2.2: Categories of liquid quench media



2.2.1.1 Aqueous quench media
2.2.1.1.1 Water

Water is the most widely used quenching medium because of its availability, cost and
simplicity in use. Water is eco-friendly and does not cause harm to the operator.
However, its uses are limited to quench hardening of only medium carbon steels (with
about 0.4% C) of simple shapes. This is because of its high cooling rates coupled with
non-uniform heat extraction characteristic. To obtain uniform and lower cooling rates,
researchers in the past have tried agitation and heating of water respectively. Agitation,
helps early break down of the vapor phase. It aids to obtain a more uniform heat
extraction from the metal. However, agitation increases the cooling rate during
convective cooling leading (martensite transformation range) to increased propensity
towards distortion and cracking in the metal. Water heated to elevated temperature
lowers its heat extraction ability significantly as shown in Figure 2.3. It shows that
increasing the water temperature from 25 to 50°C would increase the vapor phase
duration by about 200° C. Further, steel components quenched in hot water developed

soft spots which occur because of non-uniformity in quenching.
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Figure 2.3: Temperature measured at the centre of a silver probe of @15 x 45
mm as a function of time during quenching in water maintained at various

temperatures (Tensi and Schwalm 1980)

The combined effect of agitation and elevated water temperature failed in obtaining the

desired results. This was because of the higher stability of the vapor phase at elevated
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water temperatures and difficulty associated with control over the flow during
quenching. In addition to these factors, the cooling performance of water is significantly
influenced by the presence of contaminants such as cutting fluids, oils, metal filings,
and others.

2.2.1.1.2 Brine

Brine quench media are obtained by adding and mixing of sodium chloride (NaCl),
sodium hydroxide (NaOH), chlorides of magnesium, calcium and lithium in water.
NaCl and NaOH solutions of varying concentrations were used as quench media by
Kobasco. The heat transfer coefficient was found to be highest at the 10% concnetration
for these two salts. Further, NaOH showed higher heat transfer coefficient compared to
NaCl (Kobasko 1968). Compared with water, the temperature increase from 20 to 60°
C for these salts at 5% cocnentration did not significantly affect their cooling behavior
(French and Hamill 1929). The vapor phase stage was shortened during quenching with
brine. The rewetting front motion for quenching in brine compared to water causing
faster cooling of the metal. However, brine has poor wettability and is corrosive
(Ramesh and Narayan Prabhu 2014). Moreover, the use of brine to heat treat steel is
limited to quench harden small and simple shaped components (French and Hamill
1929).

2.2.1.1.3 Water-polymer quenchants

The quench media formulated in this category are made from polymerization of
synthetic polymers. Polymers that are used are derived from petroleum. They are
produced in the form of concentrated liquids or powders. The required quench medium
is obtained by mixing the polymers with desired concentration in water. The limitations
of oil quench media such as smoke, fire and handling difficulty were the main reason
behind the development and use of aqueous polymer media for immersion quench
hardening heat treatment (Ikkene et al. 2010). These quenchants are nonflammable and
do not cause harm to the operator. Polymer quenchants have shown to offer satisfactory
distortion control with eliminates of soft spots and achievement of the desired
mechanical properties. Wide range of cooling rates, between that of water and oils,

would be obtained by varying the polymer type, its concentration, quenchant
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temperature and the agitation rate used. Synthetic polymers used as quenchants by
combining with water include polyvinyl alcohol (PVA), polyalkylene glycol (PAG),
polyethyl oxazoline (PEOX), polysodium acrylate (PSA) and polyvinyl pyrrolidone
(PVP) etc. PVA or PVA+PAG are less popular and were shown to form a rubber-like
film on the quenched part. Such films require post heat treatment cleaning operation
and are difficult to remove. Also, PVA undergoes thermal decomposition giving acetic
acid. Acetic acid is a known corrosive and its formation would alter the cooling power
of the polymer quenchant. Among the polymers available to form aqueous quench
media PAG is most popular (Troell and Kristoffersen 2010). It is nonionic (unlike PSA)
(Totten et al. 1993). It exhibits inverse solubility behavior. Polymer quenchants whose
bath temperature when exceeds 60-85 °C separate-out of water exhibiting inverse
solubility leading to polymer rich and water rich regions (Deval 2009). Quenching of
hot metal in PAG causes the liquid polymer to coat the metal surface (Canter 2010).
The polymer coat provides more uniform heat transfer than the vapor phase formed
during the first stage of quenching observed with oils and water. The coated layers
provide higher quench rate compared to water that was heated to 60°C or above during
the vapor phase stage (Croucher and Schuler 1970). The precipitated polymers re-
dissolves in water when the quenchant falls below the inverse solubility temperature
range for the polymer. Fire safety, distortion control, desirable mechanical properties,
cooling rate flexibility (Sarmiento et al. 2010) are obtained with polymer quenchants.
(Totten et al. 1998) demonstrated inverse hardening in AISI 4140 steel of 50 mm
diameter. This steel was quenched in a 25% PAG solution that was maintained at 40°C
under an agitation rate of 0.8 m/s. It was proposed that, such an outcome occurs,
because of the delayed quenching process. The heat transfer condition (on quenching
in aqueous polymer quench media) during delayed quenching would be such that, stable
phases other than martensite would develop on the surface while martensite would form
at the centre. The disadvantages of implementing polymer based water quenchants are
corrosion of the quench tank, bacterial degradation of the polymer, drag-out losses,

periodic evaluation of the quenchant etc.



2.2.1.1.4 Carbonated water

Carbonated water is prepared by dissolving carbon dioxide in water. This is achieved
by (i) injecting carbon dioxide gas into water (ii) addition of carbonic acid to water and
(iii) addition of organic or inorganic acid to water. Examples of inorganic acids include
—CaCOs3, K2CO3, NaCOa. (Yu et al. 1997) made carbonated water by dissolving carbon
dioxide at 0.001-0.2 standard cubic feet of gas per 3.8 Its of water to quench heat treat
aluminium metal objects. (Nayak et al. 2016) showed evolution of gas bubbles during
the convection stage causes faster cooling of the inconel probe compared to quenching
in water. The peak cooling rate reported by them showed reduction of about 50 %
during quenching in the carbonated water medium compared to water. When carbon
dioxide was injected in the 10 vol.% PAG solution their results showed that the peak
rate was reduced by three times compared to the solution without carbon dioxide
addition. A notable feature of quenching in carbonated media was the movement of a
uniform rewetting front implying uniform heat transfer from the metal quenched in
carbonated media and their possible implementation to heat treat thin, short and simple

shaped metal objects.
2.2.1.1.5 Nanofluids

Nanofluids are heat transfer media obtained by dispersing nano sized particles (1 to 100
nm) of solid materials in base fluids. The base fluids that have been used are water, oil
and ethylene glycol (Philip and Shima 2012). They were conceived because of the
limitations of heat transfer liquids that contained microparticles. Heat transfer liquids
containing microparticles were used primarily to remove heat from components of
miniature size. However, the use of such liquids were plagued by issues such as erosion
of the flow path, increased pumping losses, rapid settling of the particles in the
suspended fluid, buildup of particles in flow channels (Murshed et al. 2008). The
miniature components produced high densities of heat and had the need for a coolant
with superior heat transfer abilities. Evolution in nanoscience technology has enabled
nanoparticles to be made from different metallic and nonmetallic materials such as
copper, titanium, multiwall carbon nanotubes (MWCNT), silicon carbide and others
(Ramesh and Prabhu 2011). Nanofluids can be produced either by the one-step or the

two-step method. In the single step method, nanoparticles are simultaneously produced
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and added to the base fluid while in the two-step process nanofluids are first generated
and then dispersed in the base fluid. Techniques for producing nanoparticles include
chemical solution method (Wei and Wang 2010), direct evaporation, submerged arc,
inert gas condensation, microwave irradiation (Sureshkumar et al. 2013), chemical
vapor deposition, direct evaporation and condensation, micro emulsion, ball milling
and others (Das et al. 2007). The two-step method is most used due to the availability
and production of nanopowders in large quantities (Murshed et al. 2008) and works
well for oxide nanoparticles (Sureshkumar et al. 2013). It was envisioned by Choi that
since the nanoparticles have higher thermal properties compared to the base fluid their
introduction in the base fluid would significantly enhance the thermal performance of
base fluids (Choi and Eastman 1995). Heat transfer characteristics of nanofluids can be
obtained by measuring the thermal conductivity, heat transfer coefficient and other
thermophysical properties. Factors influencing the thermal performance of nanofluids
are its material, shape, size and volume fraction. Temperature, acidity, sonication time,
distribution, surfactants used, flow velocity and rate of agitation are the other factors
that affect heat transferred by the nanofluids. Thermal conductivity of nanofluids can
be measured using: transient hot-wire method, parallel plate technique and the
temperature oscillation technique. Research data on thermal conductivity of various
nanofluids shows increased thermal conductivity relative to base fluids. For example:
Eastman, one of the pioneers in nanofluid research reported an enhancement of 60% in
thermal conductivity by suspending 5 vol. % of copper oxide (36nm) particles in water.
However, mechanism related to the enhancement of thermal conductivity is unknown
(Khedkar et al. 2012). The possible mechanisms stated are: Brownian motion, liquid
layer formation around the nanoparticles, nature of the heat transport and clustering of
nanoparticles (Ramesh and Prabhu 2011). In quenching heat treatment, the performance
of the quenchant is measured by its ability to extract heat from the hot metal surface.
At low concentrations of nanoparticles, the cooling curves measured for water and
nanofluids showed no increase in cooling with nanofluids. Repetitive quenching
experiments with water based alumina, silica and diamond nanoparticles (Kim et al.
2009) showed the deposition of particles on the quench probe surface. The effect of
deposition was to increase the cooling rate during quenching and was also observed in
the works of (Ciloglu and Bolukbasi 2011). (Zupan et al. 2011) reported increase in the
11



peak heat transfer coefficient in nanofluids relative to their base fluids (water and PAG
solution, 5, 10 and 20 Vol.%) with the addition of 0.2g/l of nanoparticles under
unagitated quench condition. These studies highlight the shortening of the film boiling
stage indicating early wetting of the cooling metal surface. Quenching of unfouled fresh
probe in water-clay nanofluids of various concentrations lowered the peak heat flux
compared to quenching in water (Ramesh and Prabhu 2012). These outcomes indicate

the importance of selecting the material type while formulating the nanoquenchant.
2.2.1.2 Qils

Oil media are the most widely used quenching media for heat treatment of steel
components. Based on the source, oils used to heat treat steels are classified into
mineral, animal and vegetable. They can be classified into naphthenic, paraffinic etc.
depending on composition. Other modes of classification are based on the operational
requirement like cooling rate, quenchant temperature and ease of removal (Totten et al.
1993) (Ma 2002).

2.2.1.2.1 Mineral oil

The first petroleum based mineral oil for quenching steel was developed by researchers
in the year 1880 at E.F. Houghton and Co. (MacKenzie and Lazerev). Mineral oil media
are the most preferred media and are being used to heat treat steels since the industrial
revolution. They have higher thermal stability compared with oils derived from other
sources (Pedisic¢ et al. 2005). They offer wide range of cooling rates and they last for
many quench cycles. Chromatographic studies have shown that the mineral oils are
made up of complex formulations containing several components. These components
include various paraffinic, naphthenic, and various oxygen-, nitrogen-, and sulfur-
derived open chain and cyclic derivatives and other volatile components (Totten et al.
1993). A high quality mineral oil is obtained from refined petroleum stock that has high
paraffinic content (MacKenzie and Lazerev). Further, additives and stabilizers are
added to the base oil to obtain satisfactory quench performance. Various concentrations
of polyisobutylene polymer were added to mineral oil to eliminate film boiling and
reduce distortion in the metal during quenching (Kobasko et al. 2016). Various mineral

oils of viscosities ranging from 10 to 120 cP, operating at temperatures from ambient
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to 150 °C were tested for their quenching performance using a 4140-medium carbon
steel of dimensions @ 6.35 x 38 mm. Cooling rate curves reported in their study showed
that the two quench oils that were designated to have moderate quench speeds widely
differed in their peak cooling rates (120 and 208 °C/s). The researchers showed that
higher viscosity and lower operating temperature caused reduced cooling rates
compared to the oils that were operated at higher temperature and had lower viscosity
and showed that the cooling rate was found to be maximum at 700 °C for most of the
oils used (Ma 2002). The effect of oil composition on the cooling curve behaviour of
mineral oil was shown by (Pedisi¢ et al. 2005). Their results showed that the addition
of sodium, calcium sulfonates and emulsifiers significantly altered the cooling
behaviour of base oils. Vegetable oil containing sodium and calcium sulfonates tested
by them showed faster cooling rates compared to mineral oils containing these
additives. Wetting characteristics, kinetics and heat trasnfer ability of normal,
accelerated and hot mineral oils were investigated by (Ramesh and Prabhu 2014a).
They witnessed occurance of a double rewetting front during quenching of inconel in
mineral oil. Rewettng front was more uniform during quenching with mineral oils of
lower viscosity (< 56 cP) compared to those that had higher viscosity. Though mineral
oil is widely used because of its percieved benefits, its use causes environmental issues

and needs an alternative solution to address this concern.
2.2.1.2.2 Vegetable oils
2.2.1.2.2.1 Edible vegetable oils

Mineral oils are produced from non-renewable resouces and cause environment
pollution. They are toxic and their disposability concerns have driven the need of
obtaining a more eco-frinedly alternative. Vegetable oils are the oils derived from
leaves, seeds and other parts of plants. Such oils when used as quenchants, could
provide a sustainable and eco-friendly alternative to mineral oils. The cooling curves
obtained with rapeseed oil were insvestigated by Rose in the year 1940 (Rose 1940). It
was one of the earliest investigations on the viability of vegetable oils as quench media.
Cooling curves with rapeseed oil and their comparision to three different mineral oils
are shown in Figure 2.4. The findings of this study showed that an unstabe vapour

blanket stage occurred during quenching with the rapeseed oil compared to mineral oil
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resulting in higher heat transfer during the initial cooling stage of quenching. Based on
these investigations on the quenching ability of rapeseed oil, vegetable oils such as
cotton seed oil, castor, canola, soyabeam, palm kernel, palm, sunflower etc. were tried
as quenching media by various researchers. The flash point and viscosity of various
vegetable oils are given in Table 2.1. Of the vegetable oils tried as quenchants, high
oelic fat containing canola oil has the highest oxidation resistance. Further its
biodegradabilty measured using the CEC L-33-T-82 test was found to be higher (80-
100) compared to mineral oil (10-40) (MacKenzie 2003).
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Figure 2.4: (a) cooling curves with rapeseed oil and (b) mineral oils (Rose 1940)

Critical cooling parameters of canola oil are similar to that of sunflower and cotton seed
oil while those of corn and soyabean oil are higher and lower compared to canola oil
respectively (de Souza et al. 2009). Crude and partially hydrogenated and winterized
soyabean oil were tested for their quenching ability at an agitation rate of 0.3 m/s at 40
°C in a tensi agitaion system by (Totten et al. 1999) using oxidised steel probes. Their
investigation showed that hydrogenated and winterized soyabean oil had similar
cooling characteristics compared to the minerl oil while the crude vegetable oil had
cooling characteristics that were higher than the mineral oil used. Sunflower oil had
higher peak cooling rate of 50 °C/s compared to mineral oil (40 °C/s) in the work of
(Prabhu and Prasad 2003). Vegetable oils made from groundnut and coconut were also
investigated by them. Their results clearly showed higher peak flux during quenching

in vegetable oils compared to mineral oil. One explanation for their superior
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performance over mineral oil was due to their lower viscosity and higher flash point in

comparison to mineral oil.

Quenched microstructure in the AISI 1040 steel consisted of martensite and mixed
microstructure comprising of bainite, pearlite, and ferrite, for the vegetable oil
quenched test pieces while pearlite and ferrite structures were observed in the mineral
oil quenched steel specimen. The lower viscosity of vegetable oils led to enhanced
wetting with lower contact angle compared to mineral oils (Prabhu and Fernandes
2007). The activation energy shown for the sunflower and coconut oils were found to
be lower while that for castor, palm and cashew nut shell oil were higher compared to
the mineral oil tested.

Table 2.1: Flash point and viscosity of various edible vegetable oils (Simencio
Otero et al. 2012, Souza et al. 2009)

Vegetable oil I-:Iash Viscosity (cst)
point (°C) | Temperature (°C) | cst
Canola oil 335 40 24.9
Coconut oil 288 37.8 29.8
Corn oil 340 40 33.5
Cottonseed olil 234 37.8 37.9
Crambe oil 274 40 49
Gingelly oil 260 37.8 39.6
Groundnut oil 340 37.8 42
Hazelnut oil 221 38 24
Linseed oil 222 37.8 30.5
Olive oil 225 37.8 43.2
Palm oil 320 37.8 47.8
Peanut oil 340 37.8 32
Rapeseed oil 246 37.8 54.1
Soybean oil 343 40 31.5
Sunflower oil 274 40 33.2
Tea seed 252 40 36
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The peak heat transfer coefficient of sunflower oil was found to be the highest and was
about 8% higher than that obtained during quenching in mineral oil. Various vegetable
oils such as cotton, canola, soybean sunflower and canola were assessed for their
cooling performance and compared with mineral oils by (de Souza et al. 2009). An
unstable vapor phase stage with reduced duration leading to faster cooling of the metal
probe was observed from their reported cooling curves for the vegetable oils compared
to mineral oils. However, their study also showed that the vegetable oils have poor
oxidation stability. The potential to oxidize was the highest for soybean oil (1.9 %)
followed by sunflower (1.85 %), cotton (1.6 %), corn (1.43 %) and canola (1%) had the

least oxidation potential because of their higher linoleic and linolenic content.

A study on the oxidation stability was conducted by (Said et al. 2013). The report
demonstrated the poor oxidation resistance of soybean and palm oil. These oils
underwent rapid and increased viscosity due to oxidation compared to the tested fast
and slow speed quench mineral oil. The peak heat transfer coefficient of the oxidized
soybean oil on ageing for 60h were lowered by about 28 % compared to the fresh oil
indicating the need to develop antioxidants to minimize oxidation tendancy (Souza et
al. 2013a). The oxidation instability of vegetable oils was due to their molecular
composition (Souza et al. 2013b). Figure 2.5 shows the effect of oxidation on the
viscosity of soyabean quench oil compared to mineral oils (Souza et al. 2013a). The
mechnical properties of soyabean oil quenched EN 19 steel was compared with that of
mineral oils. The results obtained clearly show the viability of soyabean to quench
harden EN 19 steel grade (Shinde 2013).
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Figure 2.5: Variation of viscosity increase with exposure time during testing for
oxidation tendency of soybean oil with and without addition of various
antioxidant compounds (Souza et al. 2013a)

2.2.1.2.2.2 Non-edible vegetable oils

The oils discussed in the previous section are edible and their use in heat treating
industry will negatively impact the food processing industry. This is especially true in
the case of India, which imports large tonnage of edible oil to be used in the food
processing industry. The spreading Kinetics, rewetting behaviour and critical cooling
parameters of pongamia pinnata, a non-edible vegetable oil was found to be faster, more
uniform and higher compared with mineral oil (Ramesh and Prabhu 2014b). In India,
pongamia oil is obtained by crushing the seeds of the Hongai tree, Figure 2.6. It is used
more popularly in hair oil products and is presently explored for the production of
biodiesel (Vivek and Gupta 2004).
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Figure 2.6: Photograph of karanja tree and seeds (Karikalan and
Chandrasekaran 2015)

Another potential bio-quenchant that requires investigation from the Indian perspective
is neem oil (Figure 2.7) and is investigated in the present study along with pongamia
oil. Neem oil is also known as Azadirachta indica. Neem tree is grown throughout India
mainly in the states of Uttar Pradesh, Tamilnadu, Karnataka, Madhya Pradesh,
Maharashtra, Andhra Pradesh, and Gujarat. A neem tree roughly produces about 31 to
55 kg of fruit per year having 40% seed constitute (Rao 1991). A tone of neem seed
when processed produces nearly 200 kg of neem oil indicating an annual production of

nearly 59500 m? of neem oil.

Figure 2.7: Photograph of neem seeds

The potential of neem oil as quench medium has not been explored by the cooling curve
method using ISO 9950 inconel probe and its cooling and heat transfer characteristics
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have not been determined. The Government of India has recently increased its focus on
the production, research and development activities for non-edible oils in its Mini
Mission-111-Tree Borne Oil seeds to be taken up in the states of Arunachal Pradesh,
Chhattisgarh, Jammu & Kashmir, Madhya Pradesh, Maharashtra, Mizoram, Rajasthan,
Tamil Nadu, Tripura and Uttar Pradesh (Government of India 2016-2017).

2.2.1.3 Molten salts and metal Quenchants

Molten salts are most suitable quench medium when hot metal is to be rapidly quenched
to high temperatures (Chandler 1996) such as those used in austempering and
martempering (Totten et al. 1993). Molten salt bath comprises of one or more chemical
salts which are melted to form a liquid into which metal is quenched by immersion
(Dexter). The goal in such type of quenching is to obtain rapid heat transfer to elevated
temperature to favour formation of tempered hard phases of martensite and/or bainite
(Verhoeven 2007). Salts in this category are made from mixtures of sodium and
potassium nitrates, sodium nitrate and nitrite, potassium nitrate and sodium nitrate and
nitrite and sodium-potassium and barium chlorides (Dexter) and potassium-lithium-
sodium chlorides (Chandler 1996). The melting temperatures of these salts can be
adjusted by varying the relative proportion of constituent chemical compounds and by
the addition of water content. Their operating temperature limit ranges from 500 °C to
as low as 80 °C by the addition of approximately 10% water (Chandler 1996). Addition
of water lowers the viscosity and increases the quench severity of salt bath. Quench
severity can further be altered by the bath temperature and the agitation rate (Dubal
2003). Molten salts are preferred over marguench oils when the steels are to quenched
to elevated temperature as the operating temperature of the oils cannot be extended
beyond 250°C (Liscic et al. 2010). The other advantages offered by salt baths are they
provide rapid heating, uniform temperature distribution, oxidation prevention and
surface decarburization (Verhoeven 2007), reduced distortion and cracking in high-
speed tool steel (Dexter) and uniform hardness (Liscic et al. 2010). Apart from
austempering and martempering molten salt bath can be utilized for other processes like
isothermal annealing, hardening, nitriding, carbonitriding etc. (Kopeliovich). However,
molten salt bath usage suffers from disadvantages like disposal of salts, contaminations

in the salt alter their quenching ability. The racks, fixtures and the steel parts quenched
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in salt bath requires post quenching cleaning operation to remove the adhered salts.
This is achieved by dipping the metal components in hot water and/or using a water
spray (Dubal 2003). Overheating and quenching incompatible materials would lead to
explosion and safety issues. The salts baths require periodic monitoring to remove
sludge, addition of the water content and makeup salt to compensate for drag-out losses.
In the case of operation under humid environment conditions, preheating of the bath to
remove the absorbed water would be needed (Totten et al. 1993). Rao and Prabhu
(2017) conducted quenching experiments using eutectic NaNO3-KNO3 quench medium
at various bath temperatures ranging from 200 to 450 °C in steps of 50 °C. It was shown
that the mean peak flux was lowered and the corresponding temperature increased with
increase in the bath temperature. Further, the study showed that the uniformity in the

theoretical hardness parameter ‘tgs” was reduced with increased bath temperature.

Molten metals like lead, tin, bismuth and their eutectics or alloys have also been used
as quenchants for heat treating steel. The melting temperature of lead is about 327 °C
while that of tin-lead eutectic is about 183 °C and that of eutectic lead-bismuth alloy is
around 125 °C. Quenching in molten metal does not exhibit vapor stage (Verhoeven
2007) and higher thermal conductivity of these metals compared to the molten salts
make them a good high temperature quenchant. However, toxicity of lead and lead
bearing metals do not make them favourable quench media. A limitation of molten
metal quenchants is that their surface must be covered using graphite powder to prevent
surface oxidation (Verhoeven 2007). The use of graphite could affect the heat transfer
properties of the bath. Also, molten metal quenchants have specific heat capacity about
10 folds lower than that of molten salts (Liscic et al. 2010) which makes them less

popular quenchants compared to molten salts.
2.2.2 Characteristics of steel part

The speed at which a steel part is cooled depends on the characteristics of the metal part
being quenched and dictates the selection of the quenching medium. The features of the
part being quenched that must be considered are: the chemical composition (carbon
content and alloying elements) of steel being quenched, the shape of the component, its
size (surface area, volume and specific heat), surface conditions and presence of weld

etc.
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The effect of carbon content on hardness was shown by (Calik 2009). His work showed
that, quenching of AISI 1020, 1040 and 1060 steels having carbon contents of 0.2, 0.4
and 0.6 % respectively in water showed pearlite + ferrite, pearlite + ferrite and pearlite
+ ferrite + martensite microstructures. (French and Klopsch 1925) conducted quenching
experiments with spheres, cylinder and plates of various sizes. They showed that the
cooling rate measured at 720 °C is inversely proportional to their characteristic
dimension (diameter and thickness). Further, the cooling times were shown to be
inversely proportional to the cooling rate at 720 °C. The effect of quenching probes of
AISI 304 steel of section diameters 25, 38 and 51 mm in fast oil were shown by (Monroe
and Bates 1983). Their experiments showed that the peak cooling rate at the centre was
reduced with increased section size and were 34, 21 and 14 °C/s for 25, 38 and 51 mm
section diameters. Higher peak heat flux transients were obtained during quenching
with @ 28 mm compared to @ 44 mm of AISI 1040 steel of 1/d=2 during quenching in
aqueous media (water and brine). Quenching of these probes in oil showed higher peak
heat flow with @ 44 mm steel (Fernandes and Prabhu 2007). The effect of steel mass
during studied quenching was studied by (Grum et al. 2001). Quenching experiments
with 42CrMO4 steel specimens of diameter 35 mm having heights of 5 and 15 mm
were performed by them. The quench media that were used are 10% aqueous polymer
solution and a rapid quenching oil. Their experiments showed better quenching of the
larger test piece in the polymer solution than in the oil medium. Superimposition of the
cooling curves on the CCT diagram for 42CrMO4 showed that the microstructure of
the polymer quenched samples consisted of bainite and martensite (for both the test
samples) compared to bainite, martensite and ferrite observed in the case of the 15 mm
sample quenched in oil. AISI 5160 in the hardened and tempered condition showed
higher mechanical properties for the 50 mm diameter specimen compared to the 140
mm round corner specimen (Perla et al. 2017). They showed that grain size of the raw
stock used during quenching has a significant influence on the microstructure and
mechanical properties. ASTM grain size 7 was shown to have a tempered martensite
structure compared to the mixed microstructure for the ASTM 9 grain sized test piece.
The study clearly showed the suitability of larger grain sized steel over steels with
smaller grain size to develop higher mechanical properties during quenching of shallow
hardening steel grades.
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2.2.3 Quenching conditions

The operating conditions that affect the quenching outcomes are: agitation, racking
arrangement and quenching medium temperature. Monroe and Bates (1983) studied the
effect of temperature and agitation velocity on the cooling severity of AISI 304 steel.
They used fast oil, water and 16% aqueous polymer as quenching media. The severity
of cooling reported by the researchers shows that effect of these parameters was limited
in the case of quenching with oil while the polymer solution was most sensitive to
changes in the operating conditions. The effect of agitation on the cooling rate of a 38
mm steel probe was investigated by Monroe and Bates (1983) during quenching in
water that was maintained at 50 °C. The cooling curves reported by them show that
with increased flow rate of the quenching medium, there was an increase in the peak
cooling rate. The peak cooling rates obtained were 27, 30 and 33 °C/s for quenchant
flow rates of 0, 0.4 and 0.8 m/s. Operating temperature significantly affected the cooling
rates provided by the mineral oil. They used a mineral quench oil that showed
repeatable cooling rate vs. temperature behaviour and heated it to temperatures of 25,
40, 60 and 80 °C. Cooling rates plots published by them showed that temperature of the
oil affected the cooling rates during the nucleate boiling regime. The peak cooling rate
in their study increased with operating temperature upto a temperature of 60 °C and
thereafter declined when the oil was operated at 80 °C (Ma 2002). The effect of
oxidation on the cooling behaviour of 4140 steel probes of @ 9.5 x 38.1 mm was done
by Ma (Ma 2002). Argon gas at a flow rate of 12.77 cm®min was supplied to displace
oxygen in the furnace during heating of the 4140 steel quench probe. The results of this
study showed that the cooling behaviour of the oxidized probe did not exhibit vapor
phase stage and caused increased cooling rate compared to the unoxidized probe. He
attributed the increase in the cooling rates to the increase in the surface roughness which

in turn increased the nucleation sites leading to faster cooling.
2.3 Assessment of Cooling Performance of Quench Media

The techniques to quantify the cooling performance of liquid quench medium have
evolved considerably from (i) The laborious U-curve and Jominy end quench test
method to (ii) The quick measurement techniques such as The General motors (GM)

quenchometer (nickel ball test), the hot wire test, and the 5-second interval test. In
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between these two extremes lies the now familiar and most popular cooling curve

method.

Cooling curve method requires a thermocouple inserted metal probe that is heated and
subjected to cooling by the quench medium. Temperature data from the thermocouple
is recorded and is analyzed in the following one or more ways to draw conclusions

about the quenching process.
2.3.1 Critical cooling parameters

The following parameters obtained from the cooling curve and the cooling rate curve
(Figure 2.8) allow comparison of the various quench media available. The critical
cooling parameters may also be used to check the quality of the quench media at various
intervals during production to assess deviations in the behaviour of the medium due to

use over an extended time frame.

e The transition temperature between the film and nucleate boiling phase (T+.»)

e The time at which transition from the film boiling phase to nucleate boiling
phase occurs (tsp)

e Cooling rate at 705 °C (CR7os), describes the rate required to avoid austenite to
pearlite transformation for most steels.

e Maximum or the peak cooling rate (CRmax) and the temperature at the peak
cooling rate (Tmax), both these must be high to prevent pearlite transformation
during continuous cooling and to avoid the nose of the CCT curve.

e Cooling rates at 300°C (CR300) and 200°C (CR200), represent the cooling rate in
the martensite transformation range and need to be slow enough to prevent
distortion and cracking in the steel.

These parameters though important from the perspective of quantifying a quench
medium do not provide any information regarding the properties developed in steel.
Further, they are discrete information taken from the cooling curve and the cooling rate

curve and do not represent quench curve in its entirety.
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Figure 2.8: Cooling curve and cooling rate curve showing various critical cooling
parameters

2.3.2 Grossmann quench severity

In this method, known heat flux are provided to the surface of the metal that is to be
quenched. Cooling curves are generated using a finite difference program. From the
curves produced the cooling rate at 705°C is obtained. Temperature of 705°C was
chosen since it lies in the pearlite transformation range for most steels (Totten et al.).
The cooling rates at 705°C is related to the Grossmann’s H factor according to the

equation: HZ% (m™), where ‘h’ is the heat transfer coefficient and ‘k’ is the thermal

conductivity of the metal. The limitations of this technique are it does not describe the
agitation conditions adequately. It does not provide information regarding the time
required to complete the quenching process. Moreover, Prabhu and Prasad 2003
showed that mineral oil that had higher H value of 0.46 compared to a H value of 0.45
for the sunflower oil resulted in lower hardness compared to that obtained for sunflower

oil quenched steel.
2.3.3 V-value and hardening power analysis
V-value was originally developed for oil quench media by Tamura and is expressed as

T.—T
V= c d
T, — Ty

2.1)
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Where T¢ is the Tr.p temperature, Tq is the temperature at the start of convective boiling
stage, Ts is the temperature at the start of austenite to pearlite transformation and Ts is

the temperature at the start of martensite transformation.

Hardening power method developed by Segerberg for polymer media and oil are

expressed by the following equation

For polymers,

HP=3.54CRsso+12.3CRa30-168 (2.2)

For oils,

HP=91.5+1.34T+.,+10.88CRe00-500-3.85T4 (2.3)

These equations were obtained by regression analysis of a series of cooling curves

obtained during quenching under various agitation rates.
2.3.4 Vs/Vc, quench uniformity analysis

The degree of uniformity in cooling was expressed as a dimensionless number by
measuring the difference in the cooling rate between 300°C and 200°C at the centre
and surface of the steel being quenched. These temperatures were chosen as they
represent the martensite start and finish of many steels. Mathematically, Vs/V ratio is

expressed as

_ (taoo —taw ), (2.4)

VS
Vc (tzoo - tsoo )s
The uniformity of cooling improves as the Vs / V¢ ratio approaches 1.0 and deteriorates

as it moves towards zero.
2.3.5 Quench factor analysis

In this approach, the cooling curve is combined with the time-temperature-
transformation (TTT) to give a number than is related to the hardness developed in the
steel during quenching. The start of transformation curve is represented by the

following equation.
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where Cr is the locus of points forming the time-temperature curve at which a constant
amount of a new phase would be formed during quenching. The constants K1 to Ks
define the shape of the TTT curve. K is a constant that equals the natural logarithm of
the phase fraction that remains untransformed during quenching. Typically, a value of
0.995 is assigned to Ki, Kz is another constant related to the reciprocal of the number
of nucleation sites, the constant Kz is related to the energy required to form a nucleus,
K4 is a constant related to the solvus temperature of the steel used and Ks relates to the
activation energy of diffusion, R = 8.3143 J/K mol, the universal gas constant and T is

the temperature in Kelvin.

An incremental quench factor, q, for each time step in the cooling curve is calculated

as follows to obtain the incremental quench factor (@)
qg=—om (2.6)

where At is the time step used during the quenching experiment.

Thus g, the incremental quench factor is defined as the ratio of the time that an alloy
spends at a particular temperature during quenching to the time required for
transformation to begin at that temperature. The incremental quench factors are

summed over the entire transformation range to produce the cumulative quench factor

(6) according to:

— _ L At
Q:zqzza (2.7)

The cumulative quench factor reflects the heat removal characteristics of the quenchant
as indicated by the cooling curve. It is inversely related to the developed hardness due
to quenching of the steel. Hardness and strength of the steel increases with the decrease

in the numerical value of the quench factor (Totten et al. 1993).
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2.4 Interfacial Heat Flux Measurement/Computation

The basis of the quenching process rests on the heat flux that is generated at the
metal/quenchant interface. It is this heat that flows from the hot metal into the
guenchant which causes phase transformation, mechanical properties development, and
the accompanying ill-effects of residual stress and distortion. Estimation of heat flux
evolved during quenching operation is thus a crucial necessity to predict the effects of
quenching. It also facilitates computation of temperature distribution in the metal
providing insights that aid to optimize the quench requirement. Methods that facilitate,
the calculation or measurement of the interfacial heat flux are either direct or indirect.
The direct method uses a heat flux gauge made in the form of foils and films that are
attached to the surface of the metal. foils are preferred over films as they are thick
enough to be representatives of the bulk metal whose heat flow needs to be assessed
(Mocikat and Herwig 2009). Typically, these gages consist of temperature sensors that
are separated by a layer of insulation. The gage is attached to the surface by means of
adhesives. These gages produce an output signal in volts when subjected to temperature
filed indicating the heat flux values. The indirect method comprises of (1) lumped heat
capacitance (2) temperature gradient (3) Kobasko’s method and (4) Inverse heat

conduction problem (IHCP).
2.4.1 Lumped heat capacitance method

This method is valid under the condition that the temperature gradient does not exist in
the metal during cooling. It is limited to small metal components and thin components
in which the temperature gradient will be negligible during quenching. The governing

equation that is used to compute the heat flux is:

VG, dT, (2.8)
A dt

a=h(T,~T,)=-

where ‘h’ is the heat transfer coefficient obtained at the probe surface, ‘A’ is the surface
area of the probe, ‘T’ is the probe temperature, ‘T’ is the quenchant temperature, ‘Cp’
is the specific heat of the probe material, p’ is the specific density of the probe material,

-
‘V” is the volume of the probe, ‘t’ is the time and d_tp > is the cooling rate of the probe.
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2.4.2 Temperature gradient method

This method was developed by Liscic using a probe called Liscic/Nanmac probe. Figure
2.9 shows the probe and the arrangement/positions of the thermocouples embedded in
the probe to measure the temperature gradient. The heat flux was calculated using the

equation q = ki—T, where all the parameters have their usual meaning.
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Figure 2.9: Schematic of the Liscic/Nanmac probe (Liscic et al. 2010)

2.4.3 Kobasko’s method

The heat transfer coefficient was calculated in this method based on the following

mathematical expression:

o Bikv (2.9)
KA

Here BI, is the generalized Biot number, k is thermal conductivity of the probe, <V’

the volume of the probe. The Biot number is related to ‘K’ the Kondratjev number by

equation

K, =— Bl, _ (2.10)
(BiZ +1.437Bi, +1)*"

And the K, number ids obtained from the Kondratjev form factor using the relation,

In(T, =To) = In(T, - T
K. =crRX where CR is defined as CR = (=TI =To) g s the

[0 tz _tl

thermal diffusivity of the probe material where Tq is the temperature of the quenchant
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and T1 and T are the temperature corresponding to the times t; and t> respectively in

the probe during quenching (Liscic et al. 2010).
2.4.4 Inverse heat conduction problem

This method consists of obtained the heat flux transients at the metal/quenchant
interface by using the temperature measurements taken at the interior of the metal. It
considers the entire temperature during quenching. It considers the temperature
gradient that are developed in the metal during quenching and is preferable over other
method mentioned above. In general, the solution comprises of one or more

optimization techniques for solving the Fourier equation.
2.5 Uniformity of Quenching

The nature of contact of the liquid quench medium with the metal surface during
guenching has significant implications on the developed properties. The progress of the
rewetting front determines the temperature distribution and its understanding is of
fundamental importance to describe the quenching process as uniform or non-uniform
(Tensi and Lainer). Depending on the rewetting time the rewetting process is described
as Newtonian or non-Newtonian. The rewetting is said to be Newtonian if the wetting
is completed in a short period of time otherwise it is called non-Newtonian. Newtonian
wetting promotes uniform heat removal and is preferred over the non-Newtonian
category (Ramesh and Narayan Prabhu 2013). The Newtonian type of quenching is
exhibited by brine quenching media (Ramesh and Prabhu 2015) while oils and most of
the water based media shows non-Newtonian type of rewetting. The nature of the

rewetting front is studied by the following methods:

1. Measurement of temperature measurements just beneath the surface of the
steel

2. Recording the development and progress of the rewetting front motion during
quenching by video imaging

3. Measurement of contact conductance

4. Measurement of contact angle to analyse the wetting and spreading behaviour

of the liquid medium
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Hollow cylinders made from high chromium carbon steel was quenched in mineral oil
to obtain the influence of shape of the metal surface on the rewetting phenomenon. Near
surface temperature measurements showed wide rewetting temperatures resulted
between the inner and the outer surface of the cylinder. The rewetting temperatures
were found to be higher at the inner surface compared to the outer surface of the
cylinder causing differential cooling. The rewetting velocity at the inner surface was
insignificantly affected by the liquid agitation upto a fluid velocity of 0.6 m/s (Tensi
and Lainer). Photographs (Figure 2.10) during quenching of CK 45 steel in soybean in

shows the sequence of rewetting front motion (Totten et al. 1999).

342s 4405 535s 6.04 s 6.48 s 6.98 s 746s

Figure 2.10: Rewetting front motion during quenching of @15 by 45 mm steel
cylinder in soybean oil (Totten et al. 1999)

It shows the dynamic process of rewetting. The front movement from the bottom to the
top portion along the probe surface is clearly observed here. The soybean oil rewetted
the probe surface in about 6 s. The time to completely rewet a standard inconel probe
quenched from 850 °C in in aqueous PAG media of 5, 10, 25, 50, 75 and 100
concentrations were found to increase with concentration and were 6.4, 6.4, 12.7, 16.8,
24.8 and 44.2 respectively (Ramesh and Narayan Prabhu 2016). The corresponding
values for quenching in pongamia, palm and mineral oil quenching media were found
to be 10.9,10.2 and 12.7 s (Ramesh and Prabhu 2014b). The rewetting time was shown
to be dependent on the viscosity of the oil. Shorter time resulted for oils with lower
viscosity compared to the more viscous mineral oils.(Ramesh and Prabhu 2014a). The
effect of gaseous content present in water on the rewetting kinematics is shown in
Figure 2.11 during quenching of inconel probe (Nayak et al. 2016). Carbonated media
showed more uniform rewetting front boundary compared to water. However, the

rewetting time was increased because of higher gaseous content in the medium.
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Figure 2.11: Rewetting front photograph during quenching in (a) water and (b)
carbonated water.

To quantify rewetting into uniform and non-uniform regimes, the following

dimensionless wetting time parameter was developed and is given by.

1 1

Jz@avg o
Nn (2.11)
1+ tmax —tmin

Twet =1—

where twet IS dimensionless rewetting time, n is number of radial locations, tn is
rewetting time at nth radial location, tayg iS the average rewetting time (S). tmax IS
maximum rewetting time (s). The numerator of the above equation is the standard
deviation of rewetting time which determines the variation of rewetting times. The
value of standard deviation of rewetting time was normalized with the range of
rewetting time (tmax-tmin) to make it dimensionless. The nature of wetting front is more
uniform as the twet approaches the value of 1 (Ramesh and Prabhu 2015) and showed

that quenching with brine was more uniform than polymer and water.

The degree by which a quench medium wets the surface is given by the contact angle
it makes with the metal surface. It is measured using a charge-coupled device camera.
Wetting angle is defined as the angle made by a sessile drop of a liquid medium at the

triple line of contact formed between the liquid-air-solid surface (Figure 2.12).
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Figure 2.12: Sketch illustrating a solid substrate wetted by a sessile liquid drop

The equation facilitating computation of the degree of wetting is known as the Young’s

equation and is expressed as:

COSHE _ YVso — Vsl (212)
ylv

where 0¢ is equilibrium contact angle, y represents the surface energy and the subscripts

s, v, and | designate solid, liquid and vapour phases. The rate at which the contact angle
changes gives the ability of the liquid to spread on the surface. Lower the value of the
angle implies better wetting and more uniform heat removal. Various researchers have
determined the wetting angle of a myriad of quenching media that have been used till
date. It was shown that water had poor wettability while oil quench media had higher
ability to wet the surface indicating viscosity of the quench medium affects its wetting
ability. Prabhu and Fernandes (2007) measured the activation energy for spreading of
oils by conducting wetting experiments at various temperatures. They showed that oils
having lower activation energy during wetting had higher heat extraction ability

compared to those which had higher activation energy.

32



2.6 Summary

Quench hardening is an essential technological process for hardening of steel alloys.
Of the various factors that affect the quenching operation, the size of the metal alloy
being quenched and the liquid medium used are most important. To assess the influence
of these factors an analysis of the interfacial heat flux transients is necessary. Further,
heat flow during quenching is a localised surface process influenced by the wetting of
the liquid media. Spatiotemporal assessment of heat flow from steels, wetting
kinematics and kinetics would be helpful for better understanding of the outcome of the

quench hardening process.

Various conventional liquid quench media have been discussed in the literature. Their
quenching ability has been characterized using the standard ISO 9950 probe. The
drawbacks and/or limitations of the conventional media have been dealt with. The
literature review clearly outlines the need to develop eco-friendly media capable of
hardening steel. In light of this requirement, nanofluids have shown promising results.
However, the discrepancies observed during quenching of inconel probe in nanofluids
necessitates further investigation. Non-edible vegetable oils, derived from plant matter
are environmental friendly and are obtained from renewable sources. Their ability to

quench harden steel are relatively unexplored and warrant investigation.

The focus during the quenching experiments were more towards the characterization of
liquid media used for hardening. In most of the publications cited, the quench part
material used was restricted to inconel, stainless steel or silver. These alloys do not
consider the complexity intertwined during quenching of steel alloys. Unlike these
alloys, steels undergo phase transformation during quenching. Phase transformation
causes evolution of latent heat leading to deviation in the cooling curves compared to
those reported using non-transforming alloys. Further, the size of the steel quenched
markedly affects the cooling process and must be considered during the design of the

quenching process.

The above stated necessities provide the framework for carrying out experiments
directed at the collective issue of section size effect and the use of eco-friendly

quenchants for hardening steels.
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Chapter 3 EXPERIMENTAL

3.1 Quench Media

In the present investigation water based nanofluids of MWCNT, CuO and Graphene

nanoparticles were used. Neem, karanja and sunflower vegetable oils, distilled water

and a mineral oil (fast quenching oil) were investigated. The nanofluids used were

prepared by the two-step method. In the two-step method, nanoparticles were procured

from commercial suppliers and then dispersed in water. The details of the nanofluid

media used and their preparation methods are given in Table 3.1.

Table 3.1: Details of quench media

Sl _ ) . Mode of
Nanoparticles Size | Concentrations _ Source
no. (vol.%) preparation
o Prepared in the
1 Distilled water
laboratory
Multi Wall )
Upto 0.0003 Timesnano Co.,
2 | Carbon Nanotube 0.003 _
500 nm ' ) Chengdu, China
(MWCNT) 0.03 Mechanical
Average mixing using a _
_ 0.01 _ Sisco Research
particle ' hand held stirrer )
3 CuO _ 0.05 Laboratories
size: 40 0.1 _
1.0 Pvt. Ltd., India
nm
1to5 001 Ultrasonication at | Reinste Nano
4 Graphene nm 6.1 30kHz for 30 Ventures Pvt.
thick 0.3 minutes Ltd.

The vegetable oils used were procured from local suppliers in Mangalore, India. The

mineral oil was purchased from Thin Chemie formulations, Tamil Nadu, India.
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3.2 Quench Probe Details

| QUENCH HARDENING EXPERIMENTS |

| Inconel 600 | | G 10450 | | G 10900 | | Stainless steel |
| } |
| 1ISO 9950 | | Section size (mm)

|
0 12.5 X60 [ @ J
! 1

Distilled water and Vegetable and
Vegetable Mineral
oils oil

nanofluids mineral oils
Figure 3.1: Flow chart showing experiments done in the present work

Cooling characteristics of the quench media were obtained using inconel 600 alloy
probe. The probe was machined to dimensions in accordance with the ISO 9950
standard (@ 12.5 x 60 mm). The 304-stainless steel (SS) and steel probes of diameters
25 and 50 mm were used to study the effect of section thickness during quenching.
These probes were machined to have a height of 30 mm. The flow chart in Figure 3.1
shows the probe-quenchant combination used in the present study. The chemical

composition of the metal probes used is given in Table 3.2.

Table 3.2: Chemical composition of the metal probes

0,
Metal grades Elements (%)

C Si Mn S P Cr Cu Ni Fe
Inconel 600 | 0.006 | 0.012 | 0.027 | 0.002 - 15.22 | 0.26 | 75.67 | 8.77
304 SS 0.08 - 2 - - 19 0.3 95 |69.12

G 10450 |0.446 | 0.187 | 0.740 | 0.0330 | 0.0220 | 0.01 | 0.0022 | 0.0068 | 98.5

G 10900 | 0.960 | 0.204 | 0.362 | <0.001 | 0.0081 | 1.4 | 0.0077 | 0.0180 | 97.0

The metal probes were drilled at various locations to accommodate @ 1.0 mm K-type
thermocouples. A schematic sketch of quench probes indicating thermocouple locations
are given in Figure 3.2. The drilled holes in the inconel probe had a diameter of 1.0 mm

whereas those in the stainless steel and steel probes were of 1.1 mm in diameter. The
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reason for this was that the steel probes underwent phase transformation causing the
hole diameter to shrink and this posed problem in removing thermocouples from the
quenched specimens. The inconel probe has a 10 mm screw section to fasten the probe
to a connecting pipe.

(@)

i 1
10.00
L

33.00
48.00
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b s

F 30.00 T Wonon u_[

le—n=t12.50

Figure 3.2: Metal quench probes (a) inconel (b) 25 mm and (c) 50 mm

The pipe conceals the entry of liquid medium into the drilled holes and facilitates lateral
quenching of the probe. In the case of stainless steel and steel probes, a stainless-steel
rod replaces the connecting pipe and is fastened to the probe at the threaded hole marked
as R 2.00.
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3.3 Quenching Set-Up and Operation Details

The probes were quenched from 860°C. Quenching experiments were conducted using
a pneumatic quench system. A schematic of the quenching facility is shown in Figure
3.3. It consists of a pneumatic cylinder, a 3/2 solenoid valve, an electric resistance
furnace, and a quench tank. Such a system helps to control the speed at which the metal
probe is immersed into the quench medium and also aids in immersing the probe
vertically into the medium. The inconel probe was quenched in 2 Its. of the quench
medium (ISO 9950) while the steel probes of section diameters 25 and 50 mm were
quenched into a tank containing 4 Its and 15 Its respectively. of quench medium. The
embedded thermocouples were interfaced with a PC via a data acquisition (DAQ)
module (NI 9213). During quenching experiments, the temperature data was measured
and recorded at an interval of 0.1 s. The inconel and SS probes were cleaned with water
and acetone after each experiment. Quenching with probes having L/D ratio less than
four results in loss of heat from the end faces. This would affect the temperature
measurements taken along the radial direction and would not be useful for assessing

the effect of section thickness on cooling behaviour.

Connecting pipe

&
Nu
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5§58
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8
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\ .2 Furnace
g
=
PC £
Quench
tank

Figure 3.3: Schematic of the pneumatic quench system

To minimize this, an insulating paste made of zirconia, alumina and sodium silicate

(2:0.5:1) was developed. The top and bottom faces of the steel probes were coated with
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this paste. After application of the paste, it was cured by heating it with the probe to a
temperature of about 180 °C. The height of the solidified insulation coating ranged from
3 to 10 mm. In addition to providing insulation, the cured paste served as an entry
barrier to the quench medium preventing its contact with thermocouples at the top face.
The effectiveness with which heat transfer was reduced due to the application of the
paste is depicted in Figure 3.4. These cooling curves were obtained using a near surface
thermocouple positioned at a depth of 33 mm from the top surface as shown in Figure
3.2a. It shows that the peak rate obtained during quenching with the uncoated probe in
distilled water was about 400 °C/s. The corresponding rate with the coated probe was
found to be about 16 °C/s. The outcome implies that the insulation coating on the probe
surface reduced the peak cooling rate by about 96 % and the probe took a longer time

to reach the ambient temperature.
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Figure 3.4: (a) Cooling curves and (b) cooling rates showing the effect of
insulating paste on reducing heat transfer from the inconel probe during

guenching in water

3.4 Agitation Quench Set-Up

The quench experiments under agitation were done using a Tensi agitation system
(Figure 3.5). The set-up consists of a plexiglass quench tank of dimensions shown in
the figure and contained 1.5 Its. of the quench medium. The furnace, thermocouples,
DAQ (data acquisition system), compensating cables and probe (Figure 3.3) described

in the preceding paragraph were used along with the Tensi system to measure the
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thermal history during the quench process. The quench medium was agitated using a
four-bladed propeller. Three propeller speeds of 0, 500, 1000 and 1500 rpm were
provided during the lateral quench experiments. During the quenching process, the
system was placed beside the furnace and the probe was manually transferred from the
electric furnace to the Tensi quench tank. The probe was heated to about 880°C before
transferring it to the Tensi system. The surface temperature of the probe as measured
by the near surface sensors dropped by about 10 to 15°C during the transfer. The hot
probe was quenched in the liquid medium when one of the near surface sensor read
about 860°C. In all the experiments, the impeller was operated prior to the immersion
of the hot probe and the temperature of the quenching medium at the start of the
quenching process was in the range of 28 + 3 °C for nanofluids and 33+2 °C for oil
quenching media. The thermal data was recorded at intervals of 0.1 s and the probe was

cleaned after each experiment as stated earlier.
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Figure 3.5: Tensi agitator

3.5 Measurements of Viscosity

Viscosity of the quench medium was measured using a programmable rheometer
(Brookfield LDV-11IU, Brookfield Engineering Laboratories, Inc., USA). A
photograph of the rheometer taken during measurement of viscosity of mineral oil is
shown in Figure 3.6. The principle of operation of the instrument is to drive a spindle
(which is immersed in the test fluid) through a calibrated spring. A rotary transducer

was used to measure the spring deflection. The viscous drag of the fluid against the
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spindle is measured by the spring deflection. The instrument comes with different

spindles for measuring the varying range of viscosities.

The viscosity of water and nanofluids were measured using ultra low adapter (ULA)
spindle. The spindle was immersed into specially designed sample chamber containing
16 ml of test liquid was used to measure the viscosity. To measure the viscosity of oils,
800 ml of test liquid was used. Viscosity measurements were made using LV1 spindle.
The spindle used is capable of measuring viscosity in the range of 15 — 20,000 cP.
Viscosity of oil quench media at high temperature was determined using the Thermosel
accessory with SC4-27 spindle (LPA-127) (Figure b). In these cases, the measurement
was made using 7ml of test oil at temperatures ranging from 30°C to 210°C.

LV Guardleg

Spindle

Figure 3.6: Photograph of Brookefield rheometer

3.6 Metallographic Specimen Preparation and Microstructure Examination

The quenched steel probes were transversely sectioned at their mid-plane and were
subsequently ground and polished to facilitate observation of the evolved
microstructure. Sectioning was done with the aid of a silicon carbide abrasive cutting
wheel. The sectioned samples were ground using silicon carbide abrasive papers of grit
sizes 80, 400, 600, 1000 and 2000 to obtain a flat surface. The flattened surface was
polished using diamond pastes of mesh sizes 3 —4 um and 1 — % um to obtain a mirror

finished surface.

The polished surface of the G 10450, was etched using a 2% nital etchant. Nital etchant

was made by mixing 2 wt.% concentrated nitric acid with 98 wt.% ethanol. The
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polished surface was etched using a cotton swab. The etching time was limited to 2 to
5 s. The etched test piece was washed with water and ethanol and dried using a hand
held drier. For the G 10900 steels, the etchant used was 10 wt. % potassium meta-
bisulphate solution with distilled water. Etching of the polished surface was done by
immersing the surface in the etching medium. The etching time in this case was
restricted to about 13 s. The excess etchant was washed and dried as stated before to

obtain a dry surface.

Bright field images of the etched surface were observed and captured using a Zeiss

microscope (Axioimager.Alm Zeiss microscope).
3.7 Measurement of Microhardness

To determine the hardness of the quenched specimens and to obtain its variation along
the radius of the sectioned surface, a series of Vickers micro hardness measurements
were made on the mirror polished plane. Indentations were made using a load of 1 kgf
and 20 s holding time. Figure 3.7 presents a schematic sketch showing the measurement

of the indentation diagonal length to calculate hardness.

iy

Figure 3.7: Schematic of diagonal length measurements resulting from Vickers

indentation

3.8 Measurement of Thermal Conductivity

Thermal conductivity of nanofluids was measured using KD2-Pro device with KS-1
sensor as shown in Figure 3.8. The instrument consists of a control module and a KS-1
sensor connected to the module. The instrument works on the principle of hot-wire
transition method. To make measurements, the sensor was dipped in a 100 ml beaker

containing 90 ml of nanofluid medium. The portable module supplies a constant current
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to the KS-1 sensor to heat the liquid. The heating time applied was kept short enough
to prevent convection to occur. Along with heating, the sensor serves to measure the
temperature loss because of the conduction of heat by the liquid. Using the temperature
data, the module performs inverse calculations to obtain the thermal conductivity of the

nanofluids.

Figure 3.8: Photograph of KD2 pro with KS1 sensor for measuring thermal

conductivity of liquid media

3.9 Density Measurements

Density of oils was measured by the weight displacement method. For this purpose, a

50 ml specific gravity bottle was used.
3.10 Flash and Fire Point Temperature of Oils

Flash and fire points of oil quench media were determined using the Cleveland open
cup apparatus. The apparatus used is shown in Figure 3.9. It consisted of a brass cup, a
thermometer, and a heating rate control knob. The cup was filled with 70 ml of test oil
and heated. At regular intervals, during heating a flame was introduced over the cup to
check for flash and fire points. The lowest temperature at which intermittent flash (2 to
3) occurred was taken as the flash point of the oil. The temperature at which the hot oil
caught fire that lasted for at least five seconds after the flame was removed was noted

as the fire point of the oil.
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Figure 3.9: Photograph of Cleveland open cup apparatus

3.11 Measurement of Contact Angle and Surface Tension

Wetting of the liquid quench medium on the probe surface has been reported to
influence the cooling process. The arrangement used to dispense a controlled liquid
quenchant droplet and measure its spreading behaviour is shown in Figure 3.10. A 1 ml
surgical syringe fitted with a needle having 0.5 mm diameter was used to dispense a
droplet of quench medium on the substrate. The amount of droplet dispensed was
controlled using a precision pump. The spreading phenomenon of the droplet on the
metal substrate was recorded by a high-speed camera operated at 26 fps and the images
were analysed in KRUSS Advance software. Elliptical curve fitting method inbuilt in
the software was used to measure the contact angle of the dispensed drop. For
measuring the surface tension, the syringe was fitted with a needle of 1.83 mm in
diameter. To make measurements, a pendant of the quench medium was formed and
suspended from the tip of the needle. Density and viscosity of the liquid used were
provided as inputs to the Advance software to obtain the surface tension. The ambient
temperature during experiments was maintained at 26°C. The captured images were

analysed in the Advance software to measure the dynamic contact angle.
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Figure 3.10: Photograph of drop shape analyzer

3.12 Rewetting Kinematics

Information regarding the nature of the rewetting front was obtained by means of video
imaging and thermal history during quenching. Images of the rewetting front motion
during quenching were recorded using a high-speed video camera (Sony HDR-
PJ660VE) with a frame rate of 50 fps. The extracted images of rewetting showed the
nature of the front. The temperature and time at which the quenchant rewetted a specific
location along the surface of the probe was obtained by assessing the estimated
temperature data obtained from solution to IHCP.

3.13 Estimation of Interfacial Heat Flux Transients

The spatiotemporal heat flux transients at the metal/quenchant interface were estimated
by inverse heat conduction technique using the near surface thermocouples data. For
this purpose, the thermal conductivity, specific heat and density of the quench probe
given in Table 3.3 (for inconel), Table 3.4 (For SS), Table 3.5 (for G 10450 steels), and
Table 3.6 (for G 10900 steels). The thermophysical properties in Tables 3.3 to 3.6 were
used as input to the TmmFe inverse solution software (TherMet Solutions Pvt. Ltd.,

Bangalore).
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Table 3.3: Thermophysical properties of the inconel 600 alloy quench probe
(Penha et al. 2010)

Temperature (°C) co-rrlztil::rtri]\a/lilt Specific heat Density
P S (WIMK) Cp (I/kgK) p (kg/m’)

50 13.4 451 8400
100 14.2 467 8370
150 15.1 - -

200 16 491 8340
250 16.9 - -

300 17.8 509 8300
350 18.7 - -

400 19.7 522 8270
450 20.7 - -

500 21.7 533 8230
600 - 591 8190
700 25.9 597 8150
800 - 602 8100
900 30.1 611 8060

The equation governing two-dimensional heat conduction in the solid that the software
used is mathematically expressed as:

10 (/1 (’)T)+ d <16T>_ c oT (3.1)
ror\Mor) Toz\"az) T P 5t '

The following initial and boundary conditions were respectively applied to the above

governing equation for estimating the surface heat flux.

T(r,z) = T;att =0 (3.2)
oT oT
_Aﬁnr B Agnz = qk(r’ Z, t) ondqs,qz,9s and 4 (3.3)
k=12,..p,..1
oT oT
A Agon, = = (3.4)
Aarnr AaZnZ Oan 0
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Table 3.4: Thermophysical properties for SS probes (JMatPro, Sente Software

Ltd., UK))

Thermal Specific heat Density

Temperature (°C) conductivity Co (J/kgK) (kg/m?)
% (W/mK) p(J/Kg p (kg/m

52 21.25 584 7628.9
152 22.5 648 7596.29
202 23.1 671.4 7580.4
252 23.72 738.4 7563.6
302 24.3 801.4 7546.4
352 24.87 886 7528.9
402 25.42 840.8 7511.17
452 25.97 760.2 7493.07
502 26.53 721.8 7474.66
552 27.1 702 7455.96
602 27.67 691.8 7436.96
652 28.25 687.4 7417.6
702 28.84 687.2 7398.1
752 29.42 689.4 7378.25
802 30 693.8 7358.12
852 30.59 699.6 7337.74
902 31.18 706.6 7317.06

TmmFe adopts the following methodology to estimate the unknown heat flux at the
guenchant/metal interface (Kumar 2004). The unknown heat fluxes are first vectorized
at the metal/quenchant interface surfaces as (qi,); k = 1.2,..., p,...,] and i =

1,2,...,m,...,n (where k denotes the boundary segment, and i denotes the time step), and
these heat fluxes are considered to be constant over the small interval of time At. The
material properties (such as density, specific heat, and thermal conductivity as functions
of temperatures), the initial condition, the boundary conditions, and the thermal

histories at known locations are the required input parameters for the inverse program.

Similar to the heat flux components, the thermal histories at the known locations are
also vectorized into Yj(i); j = 1,2,...,s and 1 = 1,2,...,n (where j denotes the temperature
sensor location). The multiple heat flux components are calculated serially, one after
the other, for every time step. The calculation procedure starts by assuming the flux
vectors ()i, wherek =1,2,....,p....Li=1,2,...m-1;andk=1,2,...,p-1;1=1,2,...m are
the known entities, and the aim is to find the heat flux (gp)m (where p and m are the

current segment and time step, respectively) for the time interval tm-1<t<tm.
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Table 3.5: Thermophysical data for G 10450 grade steel probes (JMatPro, Sente
Software Ltd., UK))

Temperature (°C) co-rrlztil::rtri]\a/lilt Specific heat Density
g > WImK). Co (IIKgK) p (kg/m?)

30 55.65 460 7820
500 37.14 691 7669
710 3L.77 960 7588
715.54 29.88 6844 7590

720 29.88 6840 7596.4
723.6 27.9 1112 7610
777.69 26.17 595.8 7619
780 26.17 600 7620
880 27.37 610 7570

The sensitivity coefficients for all the sensor locations for ‘b’ future time steps are now
computed using the following equation:
(ijk,i_fj.k,i).

Qj,k,i = i=m,..., mtr-1 (35)

Ak,i
The numerator in the above equation is computed by solving the direct heat-

conduction equation and is denoted as

T = Tt @ mmir— = @)mosk=1,.,p—1 (3.6)

Tj,k,i = Tj,k,il(CIk )m,...,m+r—1 = Qk)m-vk=1,..,p—-1 (3.7)

The quantity (q,,)i is the updated heat flux in the current unknown boundary at the pth

segment, which converges after a few iterations. The initial condition is taken as the
thermal field resulting from the current distribution of the heat flux, and the direct

solution is obtained by finite-element method for the time steps tm to tm+r-1.

The heat flux at the p™" boundary segment alone is then incremented by the value given
by

Z§=1 Z?:l[y},mﬁ*—l - Tj,k,m+r—1] Q)j,k,i (3.8)
S TRCIPDE

Va)m =
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Table 3.6: Thermophysical properties for G 10900 grade steel probes (JMatPro,
Sente Software Ltd., UK))

Thermal Specific heat Density
Temperature (°C) conductivity Cp (J/kgK) ke/m?)
30 46.2 480 7810
250 40 560 7747
370 37.43 616 7710
500 34.02 690 7664
734.7 29.63 973 7580
740 27 7670 7601
745.25 25.12 783 7620
870 27.19 620 7530

The iteration is repeated until the absolute value of the ratio of the flux increment to
the current value reaches a minimum. The remaining unknown heat flux components
are computed in a similar manner.

Figure 3.11 shows 2-D axisymmetric models of various probes. These models were
used to estimate the boundary heat flux transients (q). The models were meshed
uniformly with 4 node quadrilateral elements. Measured temperature data obtained
during quenching experiment was provided as input to these models at nodes
corresponding to the locations given in Figure 3.2. In the inconel probe model, TC(1)
represents the temperature readings measured at a depth of 17 mm while TC(2), TC(3)
and TC(4) represent the temperatures recorded at depths of 33, 48 and 52 mm
respectively and were at 2 mm below the surface. In the case of 25 mm steel quench
probe, TC, T1 and T2 represent the thermocouples placed at a depth of 15 mm and were
positioned at the geometric centre, 6.25 mm and 10.5 mm from the centre. TC, T1, T2,
T3 and T4 in Figure 3.11c represent temperatures obtained at the geometric centre,
6.25, 12.5, 18.75 and 23 mm from the centre and were obtained at a depth of 15 mm.
The meshing of models resulted in 3500 elements for the inconel probe while the
number of elements in the case of steel probes were 1500 (for 25 mm section diameter)
and 3000 (for 50 mm section size). The inconel probe model was divided into 4
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boundary heat flux segments and only one heat flux was estimated in the case of steel

probes. The convergence limit in the Gauss-Siedel iterations was set as 10°.
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Figure 3.11: Axisymmetric model of (a) inconel (b) 25 mm and (c) 50 mm quench

probe
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Chapter 4 RESULTS
4.1 Characterisation of Liquid Quenching Media Using Inconel Probe
4.1.1 Un-agitated quench media

Typical cooling curves recorded during immersion quenching of inconel 600 alloy
probe are shown in Figure 4.1. These curves were obtained during quenching of the
probe from 860 °C in distilled water. The legend TC(C) represents the thermocouple
readings obtained at the geometric centre of the probe. TC(1) to TC(4) represent the
temperature readings recorded at depths of 17, 33, 48 and 62 mm and were located at 2

mm from the probe surface (Figure 3.2).
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Figure 4.1: Cooling curves measured in the inconel probe during quenching in

distilled water

The instant when inconel probe contacts the quench medium, its temperature begins to
decrease. Each location in the probe experiences three distinct heat transfer modes.
Initially, the temperature loss was slow because of the vapor phase formed around the
probe. With continued cooling, the vapor phase collapsed, accelerating the cooling
process and transferring heat to the medium by nucleate boiling mechanism. Following
the rapid heat loss, the cooling process again slowed down and heat was removed by
convection in the liquid medium. It is clearly observed that the vapor phase stage exists
for different durations at different thermocouple locations, which implies varying

rewetting time at each location on the probe surface. This phenomenon, causes
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simultaneous existence of all the three modes of heat transfer on the probe surface
leading to non-uniform heat transfer from the probe. Appendix A provides the cooling
curves obtained for quenching of the inconel probe in nanofluids of various

concentrations and oil quench media.

4.1.2 Video imaging of quenching process

Convective

cooling

0.2s . 6 o 7.64s

Figure 4.2: Video images of inconel probe obatined during quenching in distilled

water

Figure 4.2 shows the images extracted from the video recorded during quenching of the
inconel probe in distilled water. It shows that the vapor phase begins to break at the
bottom portion of the probe. The collapse of the vapor phase stage lead to the formation
of a rewetting front that moved upwards towards the top portion of the probe. Numerous
bubbles were formed, departed and some collapsed on the surface of the probe during
the movement of the rewetting front. Bubble entrapment on the lateral face is clearly
observed and is indicative of reduced heat loss from the lateral face. At 7.64s, the final
remnant vapor phase that was trapped between the support rod and the probe begins to
escape bringing an end to the rewetting front motion. Convective cooling was also
observed at this instant at the bottom portion of the probe. The video images obtained
during quenching of inconel and steel probes with other quench media are presented in

Appendix B.
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4.1.3 Thermophysical properties of the liquid quench media
4.1.3.1 Thermal conductivity and viscosity of nanofluids

The measured viscosity, thermal conductivity and density of nanofluids are shown in
Table 4.1.

Table 4.1: Thermophysical properties of nanofluids

Viscosity, Thermal Density
Quenchants x103 (Pas)|  conductivity (kg/m?)
(W/mK)
Distilled water 1.32+£0.01 0.5965 + 0.06 867.8
0.0003 vol.% 1.29+0.01 0.61425 £ 0.02 868.3
MWCNT 0.003 vol.% 1.32+£0.01 0.59075 + 0.05 868.4
0.03 vol.% 1.31+0.01 | 0.59819 £ 0.096 868.6
0.01 vol.% 1.31+0.03 0.5389 +£0.047 868.4
Graphene 0.1 vol.% 1.35+0 0.5908 + 0.062 868.5
0.3 vol.% 1.34 +0.02 0.6151 £0.078 868.6
0.01 vol.% 1.31+0.01 0.5783 £ 0.021 868.9
0.05 vol.% 1.33+£0.02 0.5683 £ 0.016 869.9
CuO
0.1 vol.% 136+0 | 0.5643+0.022 871.3
1.0 vol.% 1.29+0.01 0.5627 £ 0.042 874.2

The measured viscosity at room temperature was found to be only slightly higher for
nanofluids relative to water. Moreover, the measured thermal conductivities of the
nanofluids were found to be of similar magnitude compared to that of distilled water.
The density of nanofluids increased with concentration. Nanofluids of low

concentrations had densities slightly higher compared to distilled water.
4.1.3.2 Viscosity, density, flash and fire points of oil quench media

The thermophysical properties of oil quench media are presented in Table 4.2.
Sunflower oil used had the least viscosity while the viscosity of mineral oil was found
to be the highest. Viscosities of Neem and karanja oil was found to be between those
of sunflower and mineral oil quench media. The flash point temperature was nearly the
same for sunflower and neem oil media while that of mineral oil was found to be the
least. Fire point was the highest for sunflower oil followed by karanja, neem and

mineral oil respectively. The density of vegetable oil medium was found to be higher
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than that of mineral oil quenching medium. The behaviour of viscosity of oil quenching

media with temperature is shown in Figure 4.3.

Table 4.2: Thermophysical properties of quench oil

o _ ) ) ] Thermal
Viscosity, | Flash point | Fire point | Density o
Quenchant x10-3 ¢C) ¢0) (kg/m?) conductivity
[e] o m

(Pa.s) ’ (W/mK)
Mineral oil 94 238 244 873 0.132
Sunflower oil 48 336 370 918 0.155
Neem oil 81 332 360 808 0.154
Karanja oil 69 290 348 930 0.164

It shows that the viscosity of oil quenching media reduces with increase in temperature.

Mineral oil quenching medium and the non-edible vegetable oils showed significant

decrease in their viscosity with increase in temperature compared to that for sunflower

oil quenching medium.
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Figure 4.3: Viscosity behaviour of quench oils with temperature

Using the viscosity vs. temperature data, viscosity index (ASTM D2270-10(2016)) was

calculated and is shown in Table 4.3 for the tested oils. In the Table, ‘L’ is defined as

the kinematic viscosity at 40 °C of an oil of 0 viscosity index having the same kinematic

viscosity at 100 °C as the oil whose viscosity index is to be calculated, mm?/s. ‘H’ is

53



kinematic viscosity at 40 °C of an oil of 100 viscosity index having the same kinematic
viscosity at 100 °C as the oil whose viscosity index is to be calculated, mm?/s. ‘U’ is
the kinematic viscosity at 40 °C of the oil whose viscosity index is to be calculated,
mm?/s. The Table shows that the viscosity of sunflower oil was more stable with
temperature change followed by karanja, and neem and mineral oil was found to be the

least stable quenching oil.

Table 4.3: Viscosity index of quench oils

Quenchant | vsjscosity index (%)
Mineral 122
Neem 136
Sunflower 172
Karanja 151

4.1.4 Contact angle and spreading behaviour

The angle of wetting made by the liquid drop on its contact with an inconel substrate
was measured and its spreading was recorded to obtain the behaviour of the liquid as it
wets the surface. Typical contact angle images recorded during measurements of
contact angle are shown in Figure 4.4. Contact angle images obtained during spreading

of other quench media on Inconel substrate are shown in Appendix C.

Figure 4.4: Contact angle measured during spreading of 0.01 vol.%

concentration of graphene nanofluids

A liquid quench medium drop formed a spherical cap on contacting the surface of the
substrate. A triple line of contact formed (shown with blue) which advanced with time

causing increase in the base diameter of the cap and decrease in the height. The advance
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of the contact line along the substrate surface caused the contact angle to decrease from
its initial value leading to spreading of the drop on the solid surface. The relaxation of

contact angle with time for spreading of the drop is shown in Figure 4.5.
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Figure 4.5: Relaxation of contact angle obtained during spreading of distilled

water and graphene nanofluids of various concentrations on an inconel substrate

It shows that, initially, the reduction in contact angle was rapid. After the initial stage,
the relaxation of contact angle slows down becoming more gradual as it approached a
state of quasi-equilibrium. The surface tension of the quench media was assessed using
the pendant drop technique. The surface tensions of various quench media are tabulated
in Table 4.4 and 4.5.

Table 4.4: Surface tension (mN/m) of nanofluids

Distilled MWCNT CuO Graphene
water | 0.0003 | 0.003 | 0.03 | 0.01 | 0.05 | 0.1 | 1.0 | 0.01 | 0.1 |03
72 63 48 58 61 56 62 61 62 63 | 63

Table 4.5: Surface tension (mN/m) of oils

Neem Mineral Karanja Sunflower
28 29 32 32

4.1.5 Effect of agitation

Cooling curves obtained during quenching of inconel in water agitated under various
impeller speeds in a Tensi agitation system are shown in Figure 4.6. The nature of the

cooling curves obtained are similar to those observed during experiments under still
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quenching conditions. However, the agitation of the medium resulted in reduced
duration of the vapor phase stage and increased the rate of cooling during quenching.
The impact of agitation on the increase in cooling rate was the least at TC(4) while it is
observed to have the highest impact at TC(1) thermocouple location. The overall use of
agitation is to reduce the total time of quenching, increase the cooling rate and improve
the uniformity of heat removal from the metal. The cooling curves obtained under

various agitation rates for different quenching media used in this study are given in

Appendix D.
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Figure 4.6: Temperature vs. time plot during quenching of inconel in water
under various agitation rates at thermocouple locations (a) TC(1) (b) TC(2) (c)
TC(3) and TC(4)

4.2 Quenching Experiments with G 10450 and G 10900 Steel Alloys of 25 and 50
mm Section Diameters

The cooling curves obtained in 25 mm G 10450 steel and 50 mm G 10900 steel
guenched in karanja oil are shown in Figure 4.7. The cooling curves show momentary

inflexion during the quenching process because of the evolution of latent heat due to
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phase transformation during continuous cooling. Such a characteristic was not observed
for quenching of the 25 mm test pieces of G 10900 indicating no transformation of
parent austenite into pearlite or ferrite during quenching. The cooling curves with other
oil quench media and water quenched G 10450 and 10900 steels are given in

Appendices E and F respectively.
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Figure 4.7: Cooling curves obtained during quenching of G 10450 steel of (a) 25
mm and (b) 50 mm and G 10900 steel of (c) 25 mm and (d) 50 mm section

diameters in karanja oil quench medium

4.3 Quenching Experiments with 304 SS of 25 and 50 mm Section Diameters

The measured cooling curves during quenching of the 25 and 50 mm SS probe in
karanja oil are shown in Figure 4.8. The curves show that the surface of the probe cools
faster compared to its centre. For the 50 mm probe, the cooling curves measured at a
distance of 6.25 mm (T1) from the centre was nearly the same as that of centre cooling
curve (TC). Quenching in other oils showed similar nature of cooling curves as shown

in the Figure 4.8 and are given in Appendix G.
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Figure 4.8: Cooling curves measured in (a) 25 mm and (b) 50 mm SS probes

during quenching in karanja oil quench medium

4.4 Interfacial Heat Flux Transients

The measured temperature recorded during experiments were provided as input to the
TmmFe software (TherMet Solutions Pvt. Ltd., Bangalore) to obtain the interfacial
spatiotemporal heat flux. Figure 4.9 shows typical heat flux transient curves obtained
at different heat flux segments plotted against estimated surface temperature for
quenching of the inconel probe in distilled water. The estimated flux had an initial low
value because of the insulated vapor phase encapsulating the probe. With subsequent
cooling, the vapor phase collapses causing an increase in the heat transfer from the
probe to the liquid quench medium as shown by the rapid rise in the heat flux transients.
The peak flux attained because of the rapid heat transfer was due to the nucleate boiling
mechanism. After attainment of its peak, the heat flux rate decreased with further
reduction in the surface temperature of the probe. Thereafter, the heat flux transients
became more uniform and gradual heat loss is experienced by the probe as the surface
temperature of the probe drops below the boiling temperature of the quench medium
bringing an end to the quenching operation. The spatiotemporal heat flux obtained
during quenching with inconel quenched in 2 Its and under agitation are shown in

Appendices H and | respectively.
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Figure 4.9: Spatiotemporal heat flux vs. surface temperature obtained during

guenching of an inconel probe in distilled water

4.5 Microstructure

G 10450 G 10900

Figure 4.10: As-rolled microstructure of G 10450 and G 10900 steel alloys

The as-received microstructure observed is shown in Figure 4.10 for the G 10450 and
10900 grades of steel. G 10450 steel showed the microstructure comprising of pearlite
(darker) and ferrite (brighter) phase. Microstructure of G 10900 structure comprised of
carbides (dark spots) in a ferrite matrix. The microstructures developed in the G 10450
grade steel of 25 and 50 mm diameter during quenching in water are shown in Figure
4.11. Water quenched 25 mm sample showed ferrite and pearlite structure at its centre
while martensite laths were observed at the surface. The microstructures evolved during
quenching of G 10900 alloy steel of diameter 50 mm are shown in Figure 4.12. It shows
that the micrographs consisted of carbides, martensite and bainite. Micrographs
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obtained for quenching of steels in other quenching media are shown in Figure 5.24 to
5.31.
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Figure 4.11: Micrographs obtained from G 10450 steel at the (a) centre and (b)
surface of a 25 mm section size and (c) centre and (d) surface of a 50 mm section

size test piece quenched in distilled water
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Figure 4.12: Micrographs obtained from G 10900 steel at the (a) centre and (b)

surface of a 50 mm section size test piece quenched in distilled water
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4.6 Microhardness

4.6.1 G 10450

Vickers microhardness measured at every 0.5 mm distance from the centre of the

sectioned test piece towards the surface for the G 10450 steels of diameter 25 and 50

steels

mm are shown in Figure 4.13.
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Figure 4.13: (a) Hardness profile of 25 mm and (b) 50 mm section diameters of G
10450 steels and (c) average hardness bar chart of G 10450 steel of 25 and 50 mm

section diameters quenched in various quench media

Hardness obtained at the centre of the workpiece was lower compared to its surface in
each of the quenched samples. The distribution of hardness was more uniform with oil
guenching media compared to distilled water quenched test pieces. Water quenching
produced harder phases with hardness ranging from 300 to 800 HVN at about 5 mm
and 18 mm from the centre for the 25 mm and 50 mm section diameters. The average

hardness shown in the bar chart in Figure 4.13c, shows that hardness of 50 mm section
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diameters were lower compared to that of 25 mm diameter test pieces. Furthermore,
test pieces quenched in karanja had higher hardness compared to mineral oil quenched
samples. Hardness obtained with sunflower oil quenching medium were found to be
comparable to those obtained with mineral oil quenching medium. The hardness
obtained with neem oil quenching medium was found to be the lowest among the oil

guenchants used.
4.6.2 G 10900 steels

The hardness profile and the average hardness obtained on quenching G 10900 steels
grade of 25 and 50 mm section diameters in various quenching media are shown in
Figure 4.14. Hardness obtained at the centre of the workpiece was lower compared to
that at the surface. The average hardness of neem oil quenched sample was found to be
same as that of mineral oil quenched steel. Karanja oil quenched sample showed higher
hardness compared to the mineral oil quenched sample. The hardness obtained for the
sunflower oil media quenched steel showed similar hardness compared to the mineral

oil quenched steel.
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Figure 4.14: (a) Hardenss profile of 25 mm and (b) 50 mm section diameters of G
10900 steels and (c) average hardness bar chart of G 10900 steel of 25 and 50 mm

section diameters quenched in various quench media
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4.7 Quench Bath Temperature

To measure the temperature rise, thermocouple was positioned in the bulk of the quench
medium. For the quench tank that housed 4 Its of quench medium, temperature was
measured at a depth of 2 cm from the free surface and was located at 3.2 cm away from
the quench tank wall. The corresponding locations in the tank that had 15 Its of quench
medium were about 7.4 cm and 6 cm respectively. Figure 4.15 shows the increase in
temperature of the liquid during quenching in oils and water. It shows that at the onset
of quenching the temperature at the bulk rises rapidly and attains a maximum value and
then begins to reduce gradually to room temperature. The figure shows that the
temperature rise in the case of quenching in distilled water was the least followed by
oils. Karanja and sunflower oils were heated to higher temperatures compared to neem
oil during quenching. Generally, quench media that do not show an increased
temperature rise during quenching operation are preferred over the one where an
excessive increase in temperature would increase the risk of fire hazard. Further, the
use of such quench media would need a heat exchanger to cool the quenchant to its
operating temperature before commencement of each successive batch quenching
operation. However, because of the better viscosity stability of karanja and sunflower
oils over neem and mineral oils and their higher flash and fire temperatures compared
to mineral oil, the rise in temperature of these oils during quenching will not pose

operational challenges for the heat treater.
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Figure 4.15: Rise in the temperature of the (a) 4 Its. and (b) 15 Its. liquid quench
media at its bulk during quenching of the steel probe
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Chapter 5 DISCUSSION
5.1 Characterization of Liquid Quench Media Using Inconel Probe
5.1.1 Un-agitated quench media

The cooling curves at the geometric centre of the inconel quench probe during
immersion into various quenching media are shown in Figure 5.1. For each of the
guench medium tested, the presence of vapour, nucleate boiling and convective cooling
was clearly observed. During quenching in nanofluids, the vapour phase stage was
longer compared to distilled water. Further, the duration of the vapour phase stage
increased with increase in the concentration of nanoparticles added to distilled water.
In the case of quenching with oils, sunflower oil quenched inconel probe cooled faster
compared to all the other oils. Slowest quenching of inconel probe was observed during

immersion in mineral oil quenching medium.
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Figure 5.1: Cooling curves measured at the geometric centre of the inconel probe
obtained during quenching in (a) MWCNT and distilled water (b) CuO and

distilled water (c) graphene and distilled water and (d) oil quenching media
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Karanja and neem oils quenched the inconel probe slower than sunflower oil but faster
than mineral oil. Cooling rate curves obtained at the geometric centre of the inconel
probe during quenching in nanofluids and oil quench media are shown in Figure 5.2.
The change in the slope of the rate curves clearly shows the three distinct phases of heat
transfer namely the vapour phase stage, nucleate boiling stage and the convective
cooling stage. The duration of the vapour phase stage (ta-8) was found to be 3.2, 3.5,
3.6 and 4.6s for distilled water, 0.0003, 0.003 and 0.03 vol.% MWCNT nanofluids
respectively. The corresponding values for quenching in CuO nanofluids were found to
be 4.1, 4.2, 4.8 and 4.6s at concentrations of 0.01, 0.05, 0.1 and 1.0 vol.% respectively.
For the graphene nanofluids, tas was found to be about 3.5, 4.2 and 4.6s at
concentrations of 0.05, 0.1 and 1.0 vol.% respectively. In the case of neem, mineral,
sunflower and karanja oil quenching media the vapour phase stage to nucleate boiling
stage transition occurred at 4.3, 8.6, 3.3 and 3.8s respectively. The cooling curves
presented in Figure 5.1 and the cooling rate curves shown in Figure 5.2 were used to

obtain the critical cooling parameters shown in Table 5.1
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Figure 5.2: Cooling rates vs. time plot obtained at the centre of the inconel probe
during quenching in (a) MWCNT and distilled water (b) CuO and distilled water

(c) graphene and distilled water and (d) oil quenching media
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CRmax is the maximum cooling rate obtained during the quenching process and Tmax
refers to the temperature at which the cooling rate becomes maximum. CRyos is the
cooling rate at 705 °C and it represents the temperature at which austenite in most steels
transforms into ferrite and pearlite. CRsso is the cooling rate at 550 °C and it is
representative of the temperature near the nose of the TTT curve for many steels. CRz00
and CR2oo represents the temperatures in the region of martensitic transformation for

many steels.

Table 5.1: Critical cooling parameters obtained during quenching of inconel

probe in various liquid quench media

CRmax | Tmaxer | CR70s | CRsso | CRso0 | CRooo

(°CIs) | (°C) | (°CIs) | (°C[s) | (°C[s) | (°Cls)
Distilled water 192.4 | 578.9 | 147.7 | 189.5 84.7 39.0
0.0003 vol.% MWCNT| 194.8 | 587.7 | 1485 | 188.5 83.5 39.9
0.003 vol.% MWCNT | 203.3 | 614.2 | 155.0 | 194.7 83.9 39.9
0.03vol.% MWCNT | 185.1 | 595.7 | 130.2 | 182.4 85.5 40.6
0.01 vol.% CuO 175.7 | 596.4 | 131.8 | 170.7 76.5 354
0.05 vol.% CuO 165.8 | 590.8 | 106.0 | 163.7 75.6 35.0
0.1 vol.% CuO 1625 | 569.2 | 94.8 161.2 74.6 34.6
1.0 vol.% CuO 159.6 | 579.7 | 104.2 | 158.3 76.6 36.1

Quench Media

0.01 vol.% graphene | 178.8 | 614.6 | 1520 | 171.0 74.4 36.1
0.1vol.% graphene | 170.0 | 600.2 | 1275 | 164.0 72.6 36.6
0.3 vol.% graphene | 160.0 | 5925 | 99.8 156.8 72.4 34.4

Neem 90.2 625.5 76.7 80.2 25.1 5.3
Mineral 89.7 601.5 19.8 83.4 15.6 3.1
Sunflower 95.3 | 679.8 | 89.8 74.5 14.4 3.5
Karanja 95.3 | 644.7 | 859 80.5 21.6 5.0

In the case of MWCNT nanofluid quenching media, the maximum cooling rate showed
an increase of 1.2 and 5.6 % at concentrations of 0.0003 and 0.003 vol.% respectively
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and was lower by 3.8% with addition of 0.003 vol.% MWCNT to water. However, the
temperature at which the maximum cooling rate occurred was higher with MWCNT
nanofluids compared to water. This is beneficial as it aids to avoid austenite to pearlite
transformation. During quenching in CuO nanofluids, the peak cooling rate was
reduced by 8.6 % to 17 % for the 0.01 and 1.0 vol.% concentrations respectively. Their
cooling rates in the martensitic transformation region were lower compared to water.
This would reduce the propensity of distortion and cracking especially during
hardening of quench sensitive steels that require lower cooling rates compared to those
provided by water. Similar to the CuO nanofluids, graphene nanofluids also provided
lower peak cooling rates compared to water. According to literature, the reduction in
cooling rates was due to the formation of a porous layer that adhered on the quenched
metal surface. This may be true in the case of repetitive quenching of a nanoparticle
fouled probe. However, in our case involving single quench experiments no such layer
was observed. To account for the reduction in the cooling rates, boiling points of
nanofluids were measured. It was found that MWCNT and CuO nanofluids had very
much similar boiling points (99.5 °C) compared to distilled water used in their
preparation. The boiling point of graphene nanofluids were lower only by a degree
compared to that of water. To check for phase transformation of nanoparticles due to
localised heating during quenching, the nanoparticles were heated upto 860 °C in a
furnace and it was observed that they did not undergo any change in phase. The thermal
conductivity and viscosity of nanofluids were comparable with water. Hence, the
reduction in the cooling rates was attributed to the formation of a barrier by
nanoparticles suspended between water in the bulk of the quench tank and the region
immediate in the vicinity of the quench probe causing prolonged vapor phase stage

during quenching.

Quenching of the inconel probe in oils showed that the peak cooling rate of sunflower
and karanja oil were higher compared to mineral oil quenching medium. The peak
cooling rate of neem oil was comparable to that obtained with mineral oil. The
vegetable oils used showed higher cooling rates at 705 °C. The increased critical
cooling parameters were observed during quenching in vegetable oil quenching media
compared to mineral oil and was due to their better thermophysical properties. The

thermophysical properties of the oils presented in the Table 4.2 showed that the
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vegetable oils had higher flash and fire points compared to the mineral oil. Vegetable
oils of sunflower and karanja had lower viscosity while the viscosity of neem oil is
comparable to that of the mineral oil. Also, the viscosity index of vegetable oils was
higher than mineral oil implying better viscosity stability of these oils. The higher flash
and fire point temperatures work well for quench medium as they can be operated over

a wider temperature range.
5.1.2 Spreading behaviour of quench media on inconel and steel substrate

The spreading behaviour of nanofluids and oil quench media measured on an inconel
substrate is shown in Figure 5.3. The spreading of distilled water was very poor with
contact angle varying only by 4° from 88 at the start to 84° after 15s of spreading. The
contact angle measurements for nanofluids showed lower contact angle compared to
distilled water. Nanofluids were found to wet the surface of inconel better compared to
that by water. Quench media having lower contact angle are preferred as it would
enhance more uniform heat extraction from the metal because of more spreading on its
surface. Of the nanofluids used, 0.003 vol.% MWCNT had the least contact angle.
There was no definite trend emerged in the contact angle data with respect to the
concentration of the nanofluids used. At 15s of spreading, contact angle obtained with
CuO nanofluids were 77, 81, 76 and 83° for 0.01, 0.05, 0.1 and 1.0 vol.% concentrations
respectively. The corresponding values for the 0.01, 0.1 and 0.3 vol.% graphene
nanofluids were 77, 84 and 80° and for the 0.0003, 0.003 and 0.03 vol.% MWCNT
were 76, 73 and 77° respectively. Oil quench media showed faster spreading behaviour
compared to the aqueous quench media. Of the oils, sunflower and mineral oil had
similar wetting beahviour with lower angle of nearly 17° at 1.7s of spreading. The
corresponding wetting angles with neem and karanja oils were found to be 21 and 24°
respectively. The average contact angle was about 32, 25, 26 and 33° for neem,
sunflower, mineral and karanja oils respectively. Surface tension of sunflower and
karanja were higher while that of neem oil was nearly the same than mineral oil and are
provided in Table 4.2.
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Figure 5.3: Contact angle relaxation plots obtained during spreading of (a) CuO
and (b) MWCNT nanofluids and (c) oil quenching media on inconel substrate

Figure 5.3a show the spreading behaviour of oil on steel substrate. It shows that the
spreading behaviour was similar to that observed in the case of wetting on inconel
substrate. The wetting of sunflower oil was faster and had lower contact angle
compared to the other oils. Karanja and mineral oil had similar contact angle of about
20 and 22° while that of neem oil was slightly higher and was 25° at 3.6s of wetting.

The corresponding value in the case of sunflower oil was 13°. Figure 5.4b shows the

6—6,
0;—0e

dimensionless contact angle plot (®) vs. dimensionless time (t/t;) where ® = and

‘t’ is the transient time and ‘t/’ is the time taken for the drop to spread from 6; to 6,.

6.1s the contact angle at 2.5s of spreading at which % < 0.001 °/ms. The dimensionless

plot obtained is shown in Figure 5.4b. Such curve makes the spreading behaviour
independent of the initial contact angle formed on the substrate. The dimensionless
contact angle shows that spreading was better in the case of sunflower oil upto a
dimensionless time of 0.2. This was because of the lower viscosity of sunflower oil
compared with other oils.
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Figure 5.4: (a) Spreading of water and oil quench media on steel substrate and
(b) dimensionless contact angle vs. dimensionless time for the spreading of oils on

steel substrate

5.1.3 Spatiotemporal heat flux during quenching of inconel probe

The outcome of a quench hardening operation relies on the heat extracted during
quenching. The cooling curves measured at various near surface locations in the probe
and the video images recorded during quenching are shown in Appendices A and B
respectively. They show the complexity involved during the quenching process. The
formation of rewetting front and its subsequent breakdown causes heat flow to vary
with location and time along the probe surface. Due to this and the dynamic nature of
heat transfer occurring during the quenching operation, it is necessary to assess the heat
removed from the quench probe using multiple heat flux estimated at various locations.
The estimated spatiotemporal heat flux during quenching in various liquid quench
media are presented in Appendix H. The error between the measured and estimated
temperatures at the thermocouple locations during computation was less than 7%. The
estimation of such heat flux transients would enable the determination of heat transfer
rates from the metal probe to the quench media and facilitate the selection of quench
medium to be used. The nature of the spatiotemporal heat flux curves remains the same
for all the cases and showed the existence of vapor, nucleate boiling and convective

cooling mechanisms as evident from the change in the slope. However, due to the
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dynamic nature of heat flow involved and the variation of heat flux with time and space
a comparison of heat transfer during quenching based on the spatiotemporal heat flux
curves alone is difficult as the magnitude of flux varies in each of the considered heat
flux segments. Nevertheless, they are useful in the determination of the interfacial
temperature, temperature distribution and heat removed at various locations which may

be used as the basis for comparison of quench media.

The spatiotemporal heat flux obtained during quenching clearly shows that the
maximum variation in the heat flux occurs at the peak in the curves because of the
varying nucleate boiling bubble dynamics and rewetting front effect. The video images
showed that the rewetting front breaks at the bottom edge and progressed upwards along
the probe surface. This implies that the bottom segment qa, is the region where the front
approaches first (generally) and then moves over other regions along the probe surface.
Such motion causes the heat flux to first rise in this segment and attain higher magnitude
compared to other segments. However, this is not the sole criterion that would lower or
cause higher peak flux in the probe at the various boundary heat flux segments. The
flux is also affected by bubble dynamics which causes bubbles to nucleate, grow,
departs and collapse during the nucleate boiling stage removing larger magnitude of
heat relative to the other stages in the quench hardening operation. The peak heat flux
obtained at various heat flux segments along the inconel probe surface are presented in
Table 5.2. It shows that the addition of nanoparticles to water reduced the average peak
flux. The average peak flux further reduced as the concentration of nanoparticles in
water was increased. The peak heat flux during quenching in oils were found to be
nearly half of that observed for the agueous quench media. The standard deviation
among the peak heat fluxes estimated for oils were much lower to those obained for the
aqueous quench media and indicate more uniform heat removal by them. The lower
peak heat flux observed during oil quenching was due to their higher viscosity. The
mean peak flux was found to be related to the viscosity, density and surface tension of

v

-0.171
the quench media according to a power function (g4, = 3.035 * (—) ) and is

g

shown in Figure 5.5. It shows that the mean heat flux was significantly influenced by
the viscosity of the quench medium. The mean peak heat flux was lowered with increase
in the viscosity of the quench medium.
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Table 5.2: Estimated peak heat flux at various boundary segments during

guenching of the inconel probe in various quench media

Standard

Quench Media - * * G |Average deviation

(MW/m?)

Distilled water 2.55 251 2.97 3.32 2.84 0.38
0.0003 vol.% MWCNT| 2.09 2.52 2.53 3.19 2.58 0.46
0.003 vol.% MWCNT | 2.00 2.56 2.46 3.15 2.54 0.47
0.003 vol.% MWCNT | 1.92 2.46 2.58 2.89 2.46 0.41

0.01 vol.% CuO 217 2.87 2.75 2.70 2.62 0.24
0.05 vol.% CuO 1.68 2.81 2.57 3.00 2.52 0.58
0.1 vol.% CuO 1.60 2.46 2.66 2.73 2.36 0.52
1.0 vol.% CuO 2.33 2.79 2.71 3.00 2.71 0.28
0.01 vol.% graphene | 2.47 2.54 3.00 2.50 2.63 0.25
0.1 vol.% graphene | 1.93 2.65 2.71 2.57 2.46 0.36
0.3 vol.% graphene | 2.15 2.79 2.57 2.76 2.57 0.30
Neem 1.14 1.20 1.16 1.28 1.20 0.06
Mineral 1.07 1.03 1.10 1.31 1.13 0.13
Sunflower 1.13 1.09 1.11 1.21 1.14 0.05
Karanja 1.19 1.14 1.14 1.36 1.21 0.11
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Figure 5.5: Relation between the mean peak heat flux and the viscosity, density

and surface tension of the quench media

The temperature and time at which the liquid quench medium rewets the various
locations of the quench probe surface are shown in Figure 5.6.
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Figure 5.6: Rewetting time and temperature during quenching in (a) CuO (b)

graphene and (c) MWCNT of various concentrations and (d) quench oils

For the nanofluids, the rewetting temperature was lower and it took longer time to rewet
the probe compared with distilled water. Higher rewetting temperatures resulted at the
upper top portion compared to the bottom end because of the rewetting front motion
from the bottom to the top end of the probe. In the case of quenching in oil media,
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sunflower oil showed the least rewetting time while mineral oil had the highest with
karanja and neem oil showing intermediate values. Lower rewetting time is preferred
as it is associated with faster cooling thereby avoiding the transformation to pearlite
during quenching. Further, the rewetting time for mineral oil is about 5s at 7.5 mm (near
the top) and was observed to be lower than that obtained at 23 mm (see Figure 5.6d)
indicating the existence of a second rewetting front that forms at the top and propagates
along the probe surface and was confirmed by video images shown in Appendix B
(Figure B.1).

The temperature at which the oils rewet the probe surface was more uniform with higher
values for the vegetable oils compared to mineral oil quench medium. The effect of
delayed rewetting by nanofluids is more clearly observed in Figure 5.7a-c. Figure 5.7d
shows the fraction heat removed as a function of time during quenching in oil media.
To obtain these curves, the quench data was considered from the start of quenching
upto the time at which the surface node corresponding to TC(1) thermocouple location
showed 60 °C. The interfacial heat flux curves at each of the segments were integrated

to obtain the area under them.
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Figure 5.7: Fraction heat removed as a function of time during quenching in (a)

CuO (b) graphene and (c) MWCNT of various concentrations and (d) quench



The average area was obtained and was normalised to obtain the fraction heat removed.
The plots for nanofluids clearly show that the fraction of heat removed reduced for
nanofluids in comparison to distilled water. The reduction in the fraction of heat
removed increased with increase in the nanoparticle concentration. The implication of
this is akin to that of quenching in aqueous polymer quench media where heat transfer
reduces with increase in the polymer concentration to water. The addition of
nanoparticles helps to lower the heat transfer rates provided by water making it better
suited for quenching steels that require lower quench speeds. For the oil quenchants,
longer duration was taken by the mineral oil to rewet the probe surface and showed
lower fraction of heat removed compared to the vegetable oil quench media. Sunflower
oil showed higher while more or less similar fraction of heat was removed by neem and

karanja oils upto 12s into the quenching process.

To further understand the effect of delayed rewetting, the average heat removed during
quenching was plotted as a function of the average surface temperature and is shown in

Figure 5.8.
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Figure 5.8: Average heat removed vs. average surface temperature during
guenching in (a) CuO (b) graphene and (¢) MWCNT of various concentrations
and (d) quench oils
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The discussion in the case of nanofluids are restricted to CuO nanofluids as other
nanofluids showed similar results. The lowest concentration of 0.01 vol.%, showed
very much similar magnitude of heat removed compared to water while that with higher
concentrations showed deviations. The deviation between the curves were observed to
be larger near 440 °C. With increased delay in rewetting, the temperature distribution
in the probe was more uniform across its cross section (Figure 5.9). This figure shows
flattening of the gradient at the interface between the temperatures represented in dark
blue and light blue colours.
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500°C
400 °C
300°C

Figure 5.9: Thermal profile in inconel alloy during quenching in CuO nanofluids

of concentrations 0.01, 0.05, 0.1 and 1.0 vol.% (from left to right) at average

surface temperature of 440 °C

The distribution of temperature in the probe during quenching in distilled water was
similar to that shown for the 0.01 vol.% CuO nanofluid. Figure 5.10 shows the
distribution in temperature of the probe at the average surface temperature of 250 °C.
This temperature was chosen as it lies in the martensitic transformation range for most
steels. At this average surface temperature, no difference in temperature distribution in
observed between the CuO nanofluids. This implies that quenching in nanofluids would
result in different property compared with quenching in water because of the deviations

occurring at temperatures such as that observed at 400 °C.
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Figure 5.10: Thermal profile in inconel alloy during quenching in CuO

nanofluids of concentrations 0.01, 0.05, 0.1 and 1.0 vol.% (from left to right) at

average surface temperature of 250 °C

In the case of quenching oils, the deviation between the curves for mineral and
vegetable oils is observed near 600 °C. Below 400 °C the thermal profile of all the oils
are similar and cool the probe in a uniform manner. The distribution of temperature in
the probe at 600 °C average surface temperature is shown in Figure 5.11. Mineral oil
cooled the bottom portion of the probe more uniformly at 600 °C average surface
temperature as evident from the region represented by blue in the probe. The
comparative slower quenching of the probe in mineral oil thus resulted in higher
temperature gradient between the top and bottom portion of the probe. Quenching in
vegetable oils was found to be more uniform along the length of the probe compared to
mineral oil. Among the vegetable oils, sunflower oil had better (600 to 680 °C
temperature region more, shown as green) quench uniformity followed by karanja and

neem oils.
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Figure 5.11: Thermal profile in inconel alloy during quenching in mineral,
sunflower, karanja and neem oils (from left to right) at average surface
temperature of 600 °C

5.2 Effect of Agitation on Quench Media

The measured cooling curves obtained during quenching in nanofluids and oil
guenching media with various quench media under agitated conditions are presented in
Appendix D. The critical cooling rates obtained at the geometric centre of the inconel
probe during quenching in nanofluids of various concentrations under various agitated
guenching conditions are shown in Figure 5.12. The critical cooling parameters showed
an increase relative to that for distilled water for the MWCNT and graphene nanofluids
while those of CuO were lower compared to distilled water. Of the nanofluids, 0.1
vol.% graphene nanofluid had the highest peak cooling rate at 1500 rpm and was nearly
32 % higher than that compared to water quenching. The results show that copper oxide
based nanofluids showed lower cooling rates compared to MWCNT and graphene
nanofluids whose cooling rates were considerably enhanced under agitated quenching
conditions relative to that of distilled water. Nanofluids have shown to wet the surface
better than water and when coupled with agitation, causes higher metal/quenchant
interfacial heat transfer in the case of MWCNT and graphene. However, this seems to

be not true in the case of copper oxide nanofluids which showed lower values at the
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critical temperature especially at lower concentrations as oxides have lower

conductivity.
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Figure 5.12: Cooling rates at critical cooling temperatures for nanofluids under
(@) still (b) 500 (c) 1000 and (d) 1500 rpm agitation rates

The critical cooling rates for oil quench media under various agitation rates is shown

in Figure 5.13. They show that at all the agitation rates the cooling rates were higher

Further, agitation rates of 500, 1000 and 1500 rpms did not have any significant effect

for sunflower oil and was followed by karanja, neem and mineral oil quenching media.



on the magnitudes of the cooling rates. This was because of the higher viscosity of oil

guenching media.
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Figure 5.13: Cooling rates at critical cooling temperatures for oils under (a) still
(b) 500 (c) 1000 and (d) 1500 rpm agitation rates

5.2.1 Spatiotemporal heat flux during quenching of inconel probe under agitated

guench conditions

The heat flux curves obtained at various interfacial heat flux segments during
guenching under agitation are presented in Appendix |. The maximum heat flux
obtained at the metal/quenchant interfacial heat flux segments under various agitation
rates are shown in Table 5.3 to 5.6. The uniformity with which heat is removed from
the bottom half of the probe relative to its top half is given by the parameter AQ60.
AQ60 is defined as the difference in the average heat removed between the bottom half

portion and the top half portion of the inconel probe obtained at the average surface
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temperature of 60 °C. A positive value of AQ60 indicates higher heat extracted from
the bottom half portion of the probe while a negative value implies that the top portion
of the probe removed higher heat compared with the bottom half portion. Further, lower
the magnitude of AQ60 implies more uniform heat removal from the probe during

quenching.

Table 5.3 shows the peak heat flux values obtained under still quenching conditions for

the various liquid quench media.

Table 5.3: Peak heat flux at various interfacial heat segments under still quench

condition
still

Top half Bottom half Standard
Average AQe0

Quench Media o[} Q2 O3 Q4 deviation

(MW/m?) (MJ/m?)

Distilled water 200 | 276 | 250 | 2.73 2.50 0.35 0.249
0.0003 vol.% MWCNT| 2.23 | 252 | 3.04 | 3.18 2.74 0.45 0.852
0.003 vol.% MWCNT | 2.14 | 240 | 2.72 | 3.21 2.62 0.46 1.035
0.03vol.% MWCNT | 2.09 | 240 | 297 | 291 2.59 0.42 0.686
0.01 vol.% CuO 202 | 241 | 229 | 2.90 2.40 0.36 0.461
0.05 vol.% CuO 203 | 230 | 2.41 | 3.00 2.43 0.41 0.927
0.1 vol.% CuO 202 | 261 | 228 | 2.73 241 0.33 0.354
1.0 vol.% CuO 222 | 229 | 283 | 2.88 2.56 0.35 0.872
0.01 vol.% graphene | 2.01 | 242 | 2.70 | 3.19 2.58 0.49 0.85
0.1vol.% graphene | 1.92 | 263 | 3.01 | 3.21 2.69 0.57 0.689
0.3 vol.% graphene | 1.99 | 254 | 291 | 3.12 2.64 0.50 0.94
Neem 1.09 | 112 | 114 | 132 1.17 0.10 0.385
Mineral 1.00 | 1.00 | 1.00 | 1.16 1.04 0.08 0.668
Sunflower 112 | 119 | 112 | 1.39 1.20 0.13 0.381
Karanja 1.07 | 1.06 | 1.07 | 1.38 1.15 0.15 0.353
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It shows that the heat flux boundary segment q: has lower peak flux values compared
to the other segments. This was because of the rewetting front formed during
quenching, that breaks at the bottom edge of the probe and progressed along the surface
and reached the g1 heat flux segment last. The highest peak flux values were obtained
at the g4 segment because this is the segment where the quenchant rewets the probe
first. The average heat flux for the quench media under still quench conditions in a
Tensi agitation set-up showed highest values obtained with 0.0003 vol.% MWCNT
while 0.01 vol.% CuO had the least average heat flux, differing with water only by 0.1
MW/m2. AQso Vvalues showed that uniformity was highest with the water and the least
with 0.003 vol.% MWCNT nanofluid and all other aqueous quench media had
intermediate values. Of the oil quench media used, higher average heat flux was
obtained with sunflower oil followed by neem, karanja and mineral oils respectively.
Among the guench oils, more uniformity in heat extraction was obtained with karanja

oil followed by sunflower, neem and mineral oil respectively.

Table 5.4 shows the peak flux and AQeo Values obtained at 500 rpm impeller agitation
rate in the Tensi arrangement. The trend in the heat flux values from 1 to g4 for a given
guench media remains the same as before with lower flux values at g1 and higher at g4
with g2 and gs showing intermediate values. At an impeller speed of 500 rpm, the
average heat flux was found to be highest with 0.1 vol.% graphene nanofluid. CuO
nanofluid of 0.05 vol.% concentration had the least average heat flux value. Further,
the average value for all the quench media were found to be higher at 500 rpm agitation
rate compared with quenching under still quench conditions. AQeso showed least
uniformity with 0.05 vol.% CuO nanofluid and maximum uniformity with 0.0003
vol.% MWCNT. The standard deviation in the peak flux values at 500 rpm was found
to be lower than those obtained in the case of still quenching implying agitation of the
quench medium increases the uniformity with which heat is removed during quenching.
The data obtained for oil quench media showed a slight improvement in the peak flux
values at 500 rpm with sunflower oil having the highest average peak heat flux followed

by karanja, neem and mineral oils respectively.
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Table 5.4: Peak heat flux at various interfacial heat segments under 500 rpm

guench condition

500 rpm
Top half Bottom half Standard
) Average o AQe0
Quench Media o[} g2 g3 Q4 deviation
(MW/m?)

Distilled water 237 | 250 | 275 | 2.68 2.58 0.17 0.678

0.0003 vol.% MWCNT| 2.06 | 2.67 | 297 | 3.20 2.72 0.50 0.364

0.003 vol.% MWCNT | 2.56 | 258 | 2.72 | 3.24 2.78 0.32 0.817

0.03 vol.% MWCNT | 2.02 | 273 | 295 | 2.86 2.64 0.42 0.499

0.01 vol.% CuO 185 | 3.14 | 297 | 2.89 2.71 0.58 0.456

0.05 vol.% CuO 198 | 253 | 244 | 290 2.46 0.38 0.823

0.1 vol.% CuO 232 | 259 | 247 2.89 2.57 0.24 0.647

1.0 vol.% CuO 221 | 261 | 266 | 2.99 2.62 0.32 0.958

0.01 vol.% graphene | 2.24 | 2.77 | 3.07 | 3.13 2.80 0.41 0.659

0.1 vol.% graphene | 259 | 2.83 | 3.47 | 3.25 3.04 0.40 0.569

0.3vol.% graphene | 2.38 | 280 | 3.14 | 3.12 2.86 0.36 0.693

Neem 098 | 1.13 | 1.08 1.34 1.13 0.15 | -0.049
Mineral 114 | 1.02 | 0.96 1.21 1.08 0.11 0.166
Sunflower 121|122 | 117 141 1.25 0.11 0.026
Karanja 1.08 | 1.08 | 1.09 1.39 1.16 0.15 | -0.627

The peak flux values obtained at various interfacial heat flux segments at an agitation
rate of 1000 rpm are presented in Table 5.5. Compared to the values obtained at 500
rpm and still quench conditions, the flux values were higher and more uniform at 1000
rpm. Graphene nanofluids showed higher average heat flux values compared to

MWCNT nanofluids while CuO nanofluids showed the least average heat flux.
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Table 5.5: Peak heat flux at various interfacial heat segments under 1000 rpm

guench condition

1000 rpm
Top half Bottom half Standard
Average o AQs0
Quench Media o[ g2 g3 Q4 deviation
(MW/m?)

Distilled water 248 | 287 | 2.94 2.93 2.80 0.22 0.730
0.0003 vol.% MWCNT| 2.45 | 2.72 | 3.18 3.08 2.86 0.34 0.721
0.003 vol.% MWCNT | 2.75 | 3.13 | 2.88 3.22 2.99 0.22 0.061

0.03 vol.% MWCNT | 2.42 | 250 | 251 2.93 2.59 0.23 0.648
0.01 vol.% CuO 225|294 | 281 2.78 2.70 0.30 0.771
0.05 vol.% CuO 206 | 233 | 2.82 3.12 2.59 0.48 0.871
0.1 vol.% CuO 220 | 245 | 2.55 291 2.53 0.30 0.849
1.0 vol.% CuO 266 | 229 | 2.74 3.21 2.72 0.38 1.035

0.01 vol.% graphene | 250 | 2.57 | 3.42 | 3.15 291 0.45 0.537

0.1 vol.% graphene | 255 | 3.34 | 3.18 3.19 3.07 0.35 0.52

0.3 vol.% graphene | 3.10 | 2.81 | 3.21 3.23 3.09 0.19 0.411

Neem 1.04 | 1.16 | 1.18 1.36 1.18 0.14 -0.131
Mineral 1.07 | 1.19 | 1.01 1.23 1.13 0.10 -0.105
Sunflower 121 | 1.19 | 1.18 1.50 1.27 0.15 -0.046
Karanja 124 | 1.16 | 1.08 1.46 1.23 0.16 -0.207

These results are contrary to those observed under unagitated quenching conditions.

The obtained peak heat flux values suggest that under agitated quenching conditions,

aqueous guench media of graphene and MWCNT nanofluids provide faster quenching

ability compared to distilled water and oxide based nanofluids. The oil quenching media

showed higher average peak flux values compared with earlier conditions. The AQeo is

observed to be negative for water, neem, sunflower and karanja oils at 1000 rpm quench

condition implying higher heat was removed from the top half portion of the probe
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compared with the bottom half. For the nanofluids, AQso Was the least with 0.003 vol.%

suggesting more uniform heat was removed from the top and bottom half portion of the

probe compared with quenching in 1.0 vol.% CuO nanofluid that had higher value of

AQs0.

The peak heat flux values obtained at 1500 rpm quench conditions for the various

quench media at the interfacial heat flux segments are shown in Table 5.6.

Table 5.6: Peak heat flux at various interfacial heat segments under 1500 rpm

guench condition

1500 rpm
Top half Bottom half Standard
Average o AQeo
Quench Media o g2 Q3 Q4 deviation
(MW/m?)

Distilled water 2.63 | 293 | 2.52 291 2.75 0.20 |-0.142
0.0003 vol.% MWCNT| 2.79 | 2.99 | 3.13 3.04 2.99 0.14 0.247
0.003 vol.% MWCNT | 2.87 | 2.95 | 2.92 3.07 2.95 0.09 0.465

0.03 vol.% MWCNT | 2.44 | 256 | 2.70 2.99 2.67 0.24 0.88
0.01 vol.% CuO 277 | 275 | 2.58 2.93 2.76 0.14 0.179
0.05 vol.% CuO 254 | 214 | 2.79 3.06 2.63 0.39 0.511
0.1 vol.% CuO 292 | 270 | 2.65 291 2.79 0.14 0.742
1.0 vol.% CuO 271 | 258 | 2.96 2.90 2.79 0.17 0.467

0.01 vol.% graphene | 2.54 | 2.97 | 3.04 3.14 2.92 0.26 0.241

0.1 vol.% graphene | 2.92 | 3.27 | 3.35 3.38 3.23 0.21 0.384

0.3vol.% graphene | 3.12 | 3.02 | 3.21 3.26 3.15 0.11 0.477

Neem 1.13 | 1.16 | 1.03 1.32 1.16 0.12 -0.165
Mineral 1.06 | 1.10 | 0.96 1.23 1.09 0.11 0.246
Sunflower 132 | 1.27 | 1.25 1.48 1.33 0.11 -0.115
Karanja 1.26 | 1.26 | 1.15 1.51 1.30 0.15 |-0.195
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Compared to the other agitation rates the interfacial peak heat flux had higher values
and the magnitude between q: and gs was more uniform due to agitation. Similar to
1000 rpm agitation condition, graphene had the highest average peak flux values
showing marked improvement in heat extraction over distilled water. CuO nanofluids
had slightly lower average peak heat flux compared with that of water. Average peak
heat flux obtained with MWCNT were higher than distilled water. For the oil quench
media, sunflower showed the highest average peak heat flux compared with the other
oil quenching media. The rewetting time and temperature obtained with nanofluids and
oil quench media during immersion quenching of the inconel probe in 1.5 Its of quench

medium in a Tensi agitation system under still conditions are shown in Figure 5.14.
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It is clearly observed that MWCNT and graphene nanofluids rewets the surface of the
inconel probe at higher temperature and at shorter times compared with water while the
CuO took longer times and lower temperatures. This is contrary to the results obtained
with 2 Its of quench medium where nanofluids showed longer rewetting time and lower
rewetting temperatures. However, the design of the Tensi quench tank is different from
the 2 Its capacity quench tank used for still quenching experiments and hence cannot
be strictly compared with each other. For the oil quenchant used, sunflower oil had
higher rewetting temperatures while mineral oil showed the least. The rewetting
temperatures of karanja and neem oil had intermediate values in comparison to
sunflower and mineral. The rewetting times were the least for sunflower oil followed

by karanja, neem and mineral oils respectively.

The rewetting plots for quenching at an agitation rate of 500 rpm of impeller speed is

shown in Figure 5.15.
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The result obtained is similar to those under still condition with slightly higher
temperatures for graphene and MWCNT and lower for CuO indicating better rewetting
of graphene and MWCNT nanofluids due to the agitation of the quench medium. For
the oils, the rewetting time increased with agitation from O to 500 rpm while the
temperature of rewetting was similar. The rewetting parameters at 1000 rpm agitation
rate are shown in Figure 5.16.
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Figure 5.16: Rewetting time and temperatures of quench media at 1000 rpm

guench conditions

It shows that better rewetting occurred for the graphene nanofluids with higher
rewetting temperatures and lower rewetting times compared to the other nanofluids.
These parameters confirm the higher peak flux obtained at 1000 rpm for the graphene
nanofluids observed earlier. The rewetting plots obtained at the agitation rate of 1500
rpm are shown in Figure 5.17. They show that the rewetting temperatures in the case of

MWCNT, graphene and CuO nanofluids were also found to be higher than water. The
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rewetting times were higher for CuO and were lower for MWCNT and graphene
nanofluids at most of the locations compared with water. For the oil quench media, the
trend was similar to that observed earlier with higher temperature observed for

sunflower followed by karanja, neem and mineral oil respectively.
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Figure 5.17: Rewetting time and temperatures of quench media at 1500 rpm
guench conditions

The variation of average heat extracted from the inconel probe during quenching in
various liquid quench media under still quench conditions are shown in Figure 5.18.
The average heat removed from the inconel probe by MWCNT nanofluids were similar
to that of distilled water upto a temperature of about 560 °C. Thereafter, the heat
extracted with average surface temperature was lower for water upto a temperature of
about 330 °C, implying faster heat removal by water compared to MWCNT in this
temperature range. The average heat flow below 330 °C was observed to be similar for
water and MWCNT nanofluids with the 0.03 vol.% exhibiting higher average heat

extracted with temperature compared to the other MWCNT nanofluids and water.
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Variations such as these can be clearly observed in the case of other nanofluids when
compared with water under still quench conditions. For the oil quench media, sunflower
oil removed lower amount of heat upto about 580 °C compared to other oils as the heat
removed by it was faster compared with other oils during quenching upto this
temperature. Faster heat removal at the onset of quenching is desirable to minimize
transformation into pearlite and/or ferrite and to facilitate maximum martensite phase

transformation during quenching.
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However, this criterion varies between steel grades and other aspects of the part to be
quenched. For example, faster rate provided by water are desirable during quenching
of a medium carbon steel than for a high carbon steel owing to its chemistry. In the case
of oil quench media, similar to the trend observed under still quench condition,
sunflower oil showed lower amount of heat to be removed at the onset of quenching
compared to the other oils used, implying faster heat removal rate by sunflower oil

compared to other oils.

Figure 5.19a shows the plot of average heat removed vs. average surface temperature
and Figure 5.19b shows the plot of heat removed with time during quenching with
graphene nanofluids of various concentrations at the agitation rate of 1500 rpm.
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Figure 5.19: (a) Average heat removed vs. average surface temperature and (b)
average heat removed vs. time of inconel during quenching in graphene

nanofluids at agitation rate of 1500 rpm

The average heat removed with temperature were lower for the graphene nanofluids
compared with water from the start of quenching till 200 °C. The reason for the same
is clearly shown in Figure 5.19b which shows that the rate at which heat is removed
from the inconel probe was significantly higher for graphene nanofluids compared with
water. This was due to the better rewetting parameters obtained with graphene
nanofluids at 1500 rpm agitation rate compared with water. Further, 0.1 and 0.3 vol.%
graphene nanofluids quenched inconel probe faster compared to the 0.01 vol.%
graphene and distilled water. The plots of average heat removed with respect to the

average surface temperature for other quench conditions, nanofluids and oils at the
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agitation rates of 500, 1000 and 1500 rpms are given in Appendix J and show larger
variations in heat removed by the MWCNT and graphene nanofluids compared to water
at 1000 and 1500 rpm. A comparison of these results and the average heat removed
curves shown in Appendix J for the MWCNT and graphene nanofluids showed lower
average heat removed with average surface temperature and was a result of faster

quenching by the nanofluids when compared to water.

5.3 Quenching Experiments with G 10450 and G 10900 Steel Grades of Section

Sizes 25 mm and 50 mm

The cooling curves measured in the test pieces of 25 and 50 mm section diameters of
G 10450 and G 10900 steels are shown in the Appendices E and F respectively. The
corresponding cooling rate curves are shown in these Appendices. It was observed that
the rate of cooling reduces from the surface to the centre of the probe during cooling
and quenching results in faster cooling at the surface of the probe compared to its centre.

Figure 5.20 shows the cooling curve obtained at the geometric centre and at 2 mm from
the surface in a 25 and 50 mm probe of G 10450 steel quenched in karanja oil quench
medium. its shows that because of the larger section diameter, the 50 mm probe cools
much slower than the smaller section diameter 25 mm probe. The maximum cooling
rates obtained at the centre and 2 mm from the surface of the 25 and 50 mm section

specimens of G 10450 and G 10900 steels are given in Table 5.7 and 5.8 respectively.
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Figure 5.20: Cooling curves measured at the centre and 2 mm from the surface
in G 10450 steel of section diameters 25 and 50 mm during quenching in karanja
oil
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Table 5.7: Maximum cooling rate and latent heat start parameters during

guenching of G 10450 steel of section diameters 25 and 50 mm

G 10450
25 mm section diameter
Quenchants Centre Surface

CRmax Tmax tmax Tls tls CRmax Tmax tmax

_ (°Cls) | (°C) | (s) [ (°C) | (s) | (°CIs) | (°C) | (s)

Distilled 137 | 562 | 8.1 | 638 | 6.6 | 268 | 612 | 2.6
water

Karanjaoil | 38 | 749 | 6.7 | 583 | 12.8| 86 | 792 | 1.8

Mineral oil 37 733 | 7.8 | 616 | 124 72 758 | 2.7

Neem oil 25 | 806 | 6.1 | 665 | 146| 68 | 805 | 2.1

S“”g'icl’wer 35 | 785 | 5.9 | 625 |12.8| 62 | 806 | 2.0

50 mm section diameter

Distilled 63 | 531 | 231|626 |195| 232 | 628 | 3.7
water

Karanjaoil | 32 | 589 | 38.4| 667 | 295| 71 | 835 | 0.6

Mineraloil | 23 | 597 | 41 | 664 | 32.2| 60 | 806 | 2.2

Neem oil 22 | 603 | 47 | 674 |333| 56 | 819 | 1.1

S“”f)'icl’wer 23 | 614 | 465|667 |352| 82 | 82712

Table 5.8: Maximum cooling rate and latent heat start parameters during

guenching of G 10900 steel of section diameters 25 and 50 mm

G 10900
25 mm section diameter
Quenchants Centre Surface
CRmax Trmax tmax Tis tis CRmax Tmax tmax
(°Cls) | (CC) | () | (CC) | () | (°Cls) | (°C) | (9)
Karanja oil 32 723 | 8.4 - - 67 785 2.1
Mineral oil 33 753 | 1.7 - - 66 800 2
Neem oil 30 741 | 8.7 - - 71 795 2.7
Sunflower oil 33 733 | 8.1 - - 67 785 2
50 mm section diameter
Distilled 21 | 735 |143| - | - | 209 | 715 | 14
water
Karanja oil 14 612 | 426 | 651 | 294 67 825 1
Mineral oil 13 621 | 55.7 | 675 | 38.6 50 807 3.7
Neem oil 17 634 | 43.4 | 649 | 31.8 57 819 3.2
Sunflower oil 14.9 631 | 48.4 | 664 | 33.2 57 812 1.9
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In these tables CRmax refers to the maximum cooling rate, Tmax refers to the temperature
at which the maximum cooling rate occurs, tmax is the time at which the cooling rate
becomes maximum, Tis is the temperature at which latent heat evolution begins during
continuous cooling and tls is the time corresponding to Tis. For quenching of G 10450
steel of diameters 25 and 50 mm in distilled water, it is observed that the maximum
cooling rate at the centre reduced by 54% for the 50 mm test piece compared to the 25
mm diameter specimen. The time taken to reach the peak rate was increased nearly 3
times for the 50 mm section diameter relative to the 25 mm diameter specimen. A
reduction in the maximum cooling rate at the surface by about 11% was experienced in
the case of the 50 mm test piece compared to the 25 mm section diameter for quenching
in water. The temperature at which the latent heat evolution starts was slightly higher
for 25 mm section diameter compared to the 50 mm section diameter steel. At the
centre, of the 25 and 50 mm test pieces quenched in karanja oil the maximum cooling
rate was nearly the same. The temperature at which the maximum occurred in the case
of 25 mm section size was higher than the Tis temperature and was higher than that
observed in the case of the 50 mm section diameter. This implies lesser influence of
phase transformation in the 25 mm section diameter compared to the 50 mm section
diameter. In the case of the 50 mm diameter, Tmax Was lower than the Tis temperature
implying larger effect of phase transformation on cooling. The latent heat evolution
caused increased cooling rate during transformation leading to the attainment of a
maximum cooling rate during the transformation. For other oils, it was found that the
maximum cooling rates at the centre of the 50 mm section diameter was lower than
those obtained with the 25 mm section diameter. On comparing the value obtained at
the surface, it was observed that the maximum cooling rates in the case of quenching
of 50 mm section diameters were lower compared to the 25 mm section diameter and

occurred at temperatures higher than those obtained for the 25 mm diameter specimens.

The maximum cooling rate and latent heat start parameters for the G 10900 steel grades
of diameters 25 and 50 mm quenched in distilled water and oil quenching media are
given in Table 5.8. Heat flux transients could not be estimated for the 25 mm section
diameter quenched in distilled water as the probe cracked because of the faster cooling
rate exerted by water on it. At the centre, CRmax for the 50 mm section diameter was
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reduced by nearly 50% when compared to that observed for the 25 mm diameter
quenched in the corresponding quench medium. Similar to quenching of the G 10450
steels, TmaxWas lower for the larger diameter specimen compared with the smaller test
pieces used. Contrary to the observation in the G 10450 steel for 25 mm diameter
quenched in oils, the 25 mm section diameters of G 10900 steels did not undergo
austenite transformation into pearlite/ferrite and hence did not show latent heat
evolution. This signifies that the oil quench media are more suitable to quench harden
small diameter (below 25 mm section size) workpieces of high carbon steels such as
the G 10900 compared to the G 10450 steel grade. The larger diameter specimens
showed latent heat evolution during the course of quenching similar to that observed
for the 50 mm section size of G 10450 steel and had Tis temperatures that were

comparable among the oil quench media.

5.3.1 Effect of section diameter on the interfacial heat flux transients during

guenching of steels

The effect of section diameter on the heat flux transients obtained during quenching of
25 and 50 mm section diameters of G 10450 steel in oil and distilled water quenching
media is shown in Figure 5.21.
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Figure 5.21: Heat flux transients obtained during quenching of 25 and 50 mm
section diameters of G 10450 steels in (a) mineral (b) karanja (c) sunflower (d)

neem and (e) distilled water quench media
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It shows that the smaller diameter probe attains a higher peak flux value in the case of
quenching with oils and water compared with the larger diameter samples because of
the lower transformation heat evolved during their quenching. The peak heat flux
obtained during quenching of the 25 mm section diameter in karanja, mineral, neem,
sunflower oils and water were 1.6, 1.48, 1.3, 1.2 and 4.8 MW/m? respectively. The
corresponding values for the 50 mm section diameter were found to be 1.45, 1.3, 1.17,
1.54 and 4.53 MW/m? respectively.

The heat flux obtained with 25 and 50 mm section sizes of G 10900 steel quenched in
oil and water quench media are shown in Figure 5.22. These curves show similar trend
to those observed in the case of the G 10450 steels. They show lower peak heat flux in
the case of the 50 mm section compared to the 25 mm diameter specimens during
guenching in oil quench media. The peak heat flux was found to vary between 1.1 to
1.3 MW/m? for the oil quenched steels. The corresponding value for distilled water was
about 5 MW/m?,
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Figure 5.22: Heat flux transients obtained during quenching of 25 and 50 mm
section diameters of G 10900 steels in (a) mineral (b) karanja (c) sunflower (d)

neem and (e) distilled water quench media.
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5.3.2 Heat removed during quenching in oil quench media

Figure 5.23 shows the effect of quench medium on heat extraction during quenching of

G 10450 and G 10900 steel grades in mineral and vegetable oils.
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Figure 5.23: Heat removed by oil quenchants during quenching of G 10450 steel
of section diameters (a) 25 and (b) 50 mm and G 10900 steel of section diameters
(c) 25 and (d) 50 mm

In all the cases, the heat removed by karanja oil was higher compared with other oil

guenching media followed by sunflower, mineral and neem oil. This resulted in higher

hardness in the test pieces quenched in karanja oil followed by sunflower, neem and

mineral oil as shown in Figure 4.14 and 4.15.
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5.3.3 Microstructure

The microstructures obtained during quenching of G 10450 and G 10900 steels of

diameters 25 and 50 mm in oil quench media are shown in Figures 5.24 — 5.31.
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Figure 5.24: Microstructure obtained in G 10450 steel at the (a) centre and (b)
surface of the 25 mm probe and (c) centre and (d) surface of the 50 mm probe

during quenching in mineral oil
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Figure 5.25: Microstructure obtained in G 10450 steel at the (a) centre and (b)
surface of the 25 mm probe and (c) centre and (d) surface of the 50 mm probe

during quenching in sunflower oil
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Figure 5.26: Microstructure obtained in G 10450 steel at the (a) centre and (b)
surface of the 25 mm probe and (c) centre and (d) surface of the 50 mm probe

during quenching in neem oil
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Figure 5.28: Microstructure obtained in G 10900 steel at the (a) centre and (b)
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during quenching in mineral oil
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Figure 5.29: Microstructure obtained in G 10900 steel at the (a) centre and (b)
surface of the 25 mm probe and (c) centre and (d) surface of the 50 mm probe

during quenching in sunflower oil
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during quenching in karanja oil
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G 10450 steel showed microstructure consisting of ferrite and pearlite. The
microstructure in G 10900 steel of 25 mm consisted of cementite, martensite and bainte
(brown coloured phase). G 10900 steel of 50 mm diameter showed mixed
microstructure at their centre consisting of pearlite, bainite, martensite and cementite.
Martensite, bainite and cementite microstructures were obtained near the surface of G

10900 steel probe of 50 mm diameter.
5.3.4 Quench factor and hardness

The measured hardness across the cross section of the quenched specimens were co-
related with cooling curves using Quench Factor technique and are shown in Figure

5.32. Quench factor is mathematically defined as: QF = Zg and is the ratio of the

time taken to reach each temperature on the cooling curve from the start of
transformation till the bainitic start temperature to the critical time required for phase
transformation to occur. By knowing the average cooling rate, a heat treater may make
use of Figure 5.32a to obtain the QF value. From the QF value, the heat treater will be

able to estimate the hardness developed in the metal using Figure 5.32b.
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Figure 5.32: (a) Quench factor vs. cooling rate (b) quench factor vs. hardness for
the G 10450 steel samples of 25 and 50 mm and (c) quench factor vs. cooling rate
(b) quench factor vs. hardness for the G 10900 steel samples of 25 and 50 mm
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5.3.5 Quench uniformity during hardening of steels

Figure 5.33 shows the variation in cooling rate with distance in 25 and 50 mm section

diameters specimens of G 10450 steel during quenching in distilled water.
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Figure 5.33: Variation of cooling rate with distance in G 10450 steel grade of (a)
25 mm and (b) 50 mm section diameter during quenching in distilled water.

During continuous cooling, between temperatures 600 to 500 °C in the 25 mm probe
the cooling rates experienced were found to be the highest with 437 °C/s at its surface
and 63 °C/s at 6.25 mm from the centre (Figure 5.33a). The second highest was found
in the temperature range of 500 to 400 °C with 406 °C/s at the surface and 52 °C/s at
6.25 mm from the centre. Within both these temperature ranges, the cooling rate
increased from 6.25 mm to the centre. This was because of the effect of heat released
due to phase transformation during the continuous cooling process. Had there been no
phase transformation, the cooling rate would have dropped from 6.25 mm to the centre
as observed in the case of cooling rate experienced in the temperature range of 700 to
600 °C. The other curves are similar to that observed for 600-500 °C because of
continuous transformation of parent austenite into other phases during quenching. The
curves obtained with 50 mm section diameter in Figure 5.33b show highest decrease in
the cooling rate in the temperature range of 600 to 500 °C upto 18.5 mm from the centre
and cools much earlier than other locations in the probe causing transformation of
austenite to martensite as shown in the micrograph Figure 4.11d. The cooling rates
produced during quenching of the G 10900 steel of diameters 25 and 50 mm in karanja

oil quench medium are shown in Figure 5.34.
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Figure 5.34: Variation of cooling rate with distance in G 10900 steel grade of (a)

25 mm and (b) 50 mm section diameter during quenching in karanja oil.

It shows that quenching in oil quenching media lowers the magnitude of the cooling
rate variation producing a more uniform quench relative to that provided with water.
The cooling rate vs. distance curves during quenching of G 10450 and 10900 steel
probes for other quench media showed similar results as shown in Figure 5.33 and
Figure 5.34 respectively.

5.4 Quenching Experiments with 304 SS of Section Diameters of 25 and 50 mm

The cooling curves obtained during quenching with 25 and 50 mm section sized 304
SS workpieces are shown in Appendix G. They show that the cooling curves obtained
at 2 mm below the surface showed existence of a vapor phase stage during quenching.
This was due to the presence of a chromium oxide film on the surface of the stainless-
steel specimens. The maximum cooling rate parameters obtained during quenching are
shown in Table 5.9. It shows that the cooling rate at the centre of the 50 mm section
diameter was reduced by over 50 % during quenching compared with the corresponding
values observed for the 25 mm section diameter. The decrease in the magnitude
obtained in the cooling rate curves for the stainless-steel probes was similar to those
observed in the case of steels. However, the temperature at which the maximum cooling
rate occurred and the time at which cooling rate attains its maximum were not

comparable to those with steels.
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Table 5.9: Maximum cooling rate parameters during quenching of 304 SS of

section diameters 25 and 50 mm

304 Stainless steel
25 mm section diameter
Quenchants Centre Surface

CRmaX Tmax tmax CRmaX Tmax tmax

_ (°Cls) | (°©) (s) (°Cls) Q) (s)

Distilled 73 681 6.9 202 649 3.1
water

Karanja oil 39 691 9.6 71 720 4.9

Mineral oil 37 626 14.6 75 667 9.6

Neem oil 39 694 12 69 696 7.8

S“”fo'icl’wer 39 700 | 104 62 666 6.4

50 mm section diameter

Distilled 31 705 121 212 674 21
water

Karanja oil 16 666 25.9 74 682 8.6

Mineral oil 17 682 26 67 643 11.7

Neem oil 17 702 22.7 63 679 8.8

S“”g'icl’wer 15 750 211 83 659 9.1

5.4.1 Heat flux transients during quenching of 25 and 50 mm section diameters of

304 stainless steel

The heat flux curves obtained during quenching with stainless steel probes of diameters
25 and 50 mm are shown in Figure 5.35. The heat flux curves initially show a lower
value due to the existence of a vapor phase enveloping the probe. The heat flux values
after this stage begins to rise and attains a maximum value as the cooling enters the
nucleate boiling stage. The heat flux transients thereafter decrease and again attain a
low value as the cooling occurs by convection in the liquid medium. Compared with
the heat flux curves of steel probes, stainless steel probes show higher values because
of the absence of phase transformation during quenching. Furthermore, the heat flux
curves for the 50 mm probe has higher peak flux compared with the 25 mm probe. In
the case of steel, 25mm probes showed higher peak flux compared to the 50 mm probes

during quenching in a quench medium.
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Figure 5.35: Heat flux curves obtained with SS probes during quenching in (a)

mineral (b) karanja (c) neem (d) sunflower and (e) distilled water quench media

The peak heat flux was 2.35, 2.27, 2.14 and 2.22 MW/m? during quenching of 25 mm
probe in mineral, karanja, sunflower and neem oils respectively. The corresponding
values for the 50 mm probe were 2.43, 2.67, 2.84 and 2.46 MW/m? respectively. These
results clearly show that heat transfer during quenching with SS probes cannot be used
to predict heat transfer from carbon steels as it will lead to incorrect interpretations

since SS probes will not undergo phase transformation during quenching.
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Chapter 6 CONCLUSIONS

Based on the results and discussions, the following conclusions were drawn:
1. CuO , MWCNT and graphene based nanofluids were prepared and showed better

wetting and spreading ability compared to distilled water.

2. The addition of nanoparticles to distilled water resulted in longer vapour phase stage.
The vapour phase stage of quenching was stabilized leading to reduction in the severity
of quenching in nanofluids.

3. The thermal conductivity of nanofluids was not significantly affected by the addition

of nanoparticles. This is contrary to that reported in the literature.

4. The estimated spatiotemporal heat flux along the inconel probe surface showed
reduced heat removal rates with nanofluids compared to water. The maximum
reduction in the rate of heat extraction was obtained with 0.1% CuO nanofluid (~57%)
The rate of heat removal was comparable with water for quenching with MWCNT
based nanofluid at low concentration. Graphene based nanofluids showed intermediate

heat extraction rates.

5. The effect of viscosity (pu), density (p;) and surface tension (g;) of quench media on

mean peak heat flux was modelled using a power fit equation given by:

_ _ wo\?
qmax_A<pl*o_l)

where A and B are constants.

6. On agitation, the mean peak heat flux obtained with 0.1 vol.% graphene (3.23
MW/m?) and 0.0003 vol.% (2.99 MW/m?) and 0.003 vol.% MWCNT (2.95 MW/m?)

nanofluids were higher compared to that of water (2.75 MW/m?).

7. Heat extraction rate was lower for CuO nanofluids compared to water even under
agitated quench conditions. This was attributed to the agglomeration of the dispersed
nanoparticles around the probe and the resistance offered by agglomerated

nanoparticles to the contact of fresh liquid during quenching.
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8. The mean rewetting temperature was found to be highest for the edible sunflower oil
(794.7°C). Mineral oil showed the lowest rewetting temperature (722.7°C). Non-edible
karanja and neem vegetable oils showed rewetting temperatures of 794°C and 764.5°C
respectively.

9. Shortest rewetting times were obtained with sunflower oil (1.5 s). Rewetting time
was maximum with mineral oil (5.8s). Rewetting times of 2.2 s and 3.2 s were obtained

with karanja and neem vegetable oils respectively.

10. An analysis of heat flux transients revealed lower heat flow rates for mineral oil
during all quenching stages compared to vegetable oils. Heat removal rates for karanja
and Sunflower oils were comparable. Lower contact angles were obtained with mineral
and sunflower oils (~17°) compared to that for karanja (24°) and neem (21°) oil quench

media.

11. Karanja, neem and sunflower oils have better viscosity stability than mineral oil.
The flash and fire points of edible sunflower oil and non-edible karanja oil were found

to be comparable. Karanja oil is thus superior compared to neem and sunflower oils.

12. The cooling curves obtained with reference probes made from G 10450 and G
10900 steels showed kinks indicating enthalpy change accompanied with phase
transformations during continuous cooling. The cooling of reference probes was faster
with karanja oil compared to mineral and other vegetable oils.

13. Higher peak heat flux transients were obtained with the 25mm section sized samples
compared to the 50 mm samples during quenching with distilled water and oil

quenching media.

14. The cooling rates measured at various locations across the cross section of reference
probes of both thicknesses were related to the hardness using the Quench Factor

technique. The following equations were proposed for the prediction of hardness:

For G 10450 steel: In(QF) = —0.40248 = In(m) + 2.85
HVN = 258.2 * (QF)™%3721 4+ 81.87
For G 10900 steel: In(QF) = —0.40248 = In(m) + 2.85

HVN = 501.7 * (QF)~1%51 + 313.2
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where ‘m’ is the product of the slope of the kink in the cooling curve during the
evolution of the latent heat and the average cooling rate from the peak of kink to the

bainite start temperature given by the TTT curve for the steel.
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APPENDIX A: COOLING CURVES MEASURED IN THE INCONEL

PROBE DURING QUENCHING IN VARIOUS QUENCH
MEDIA
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Figure A.1: Cooling curves measured at 2 mm below the surface of the inconel
probe during quenching in 2 Its. of (a) distilled water and (b) 0.01 (c) 0.1 and (d)
0.3 vol.% graphene nanofluids
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Figure A.2: Cooling curves measured at 2 mm below the surface of the inconel
probe during quenching in 2 Its. of (a) 0.01 (b) 0.05 (¢) 0.1 and (d) 1.0 vol.% CuO

nanofluids
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Figure A.3: Cooling curves measured at 2 mm below the surface of the inconel

probe during quenching in 2 Its. of (a) 0.0003 (b) 0.003 and (c) 0.03 vol.%
MWCNT nanofluids
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Figure A.4: Cooling curves measured at 2 mm below the surface of the inconel
probe during quenching in 2 Its. of (a) mineral (b) karanja (c) neem and (d)

sunflower oil quenching media
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APPENDIX B:  VIDEO IMAGES OF QUENCHING PROCESS

Vapor phase
cullagne
8.5s

0.2s 0.9s 4s 6.8s 7.3s 7.9s

Figure B.1: Video images of quenching of inconel probe in mineral oil

u
stage

0.1s 0.4s 1.3s 2.4s

Figure B.2: Video images of quenching of inconel probe in sunflower oil

|

Figure B.3: Video image taken during quenching of steel probes of (a) 50 and (b)

25 mm in distilled water
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Figure B.4: Video images of 25 mm steel probe quenched in sunflower oil

frout

0.2s 0.4s

Figure B.5: Video images of 50 mm steel probe quenched in sunflower oil
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APPENDIX C: CONTACT ANGLE IMAGES OF QUENCH MEDIA

3.5s 4.5s

Figure C.1: Images of contact angle relaxation of water droplet during spreading

on an inconel substrate

3.5s 4.5s

Figure C.2: Images of contact angle relaxation of 0.01 vol.% CuO nanofluid

droplet during spreading on an inconel substrate
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3.5s 4.5s

Figure C.3: Images of contact angle relaxation of 0.05 vol.% CuO nanofluid

droplet during spreading on an inconel substrate

3 55 ' 4.5s

Figure C.4: Images of contact angle relaxation of 0.1 vol.% CuO nanofluid

droplet during spreading on an inconel substrate
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3.5s 4.5%

Figure C.5: Images of contact angle relaxation of 1.0 vol.% CuO nanofluid

droplet during spreading on an inconel substrate

3.5s 4.5s

Figure C.6: Images of contact angle relaxation of 0.1 vol.% graphene nanofluid

droplet during spreading on an inconel substrate
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4.5s

Figure C.7: Images of contact angle relaxation of 0.3 vol.% graphene nanofluid
droplet during spreading on an inconel substrate

355 ‘ 4.0s

Figure C.8: Images of contact angle relaxation of 0.0003 vol.% MWCNT

nanofluid droplet during spreading on an inconel substrate
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3.5s 4.0s

Figure C.9: Images of contact angle relaxation of 0.003 vol.% MWCNT
nanofluid droplet during spreading on an inconel substrate

Figure C.10: Images of contact angle relaxation of 0.03 vol.% MWCNT

nanofluid droplet during spreading on an inconel substrate

125



0.076s 0.114s

0.152s 0.19s

0.228s 0.266s

0.304s 0342s

0.38s 0.418s

0.456s 0.494s

Figure C.11: Images of contact angle relaxation of mineral oil droplet during

spreading on an inconel substrate
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Figure C.12: Images of contact angle relaxation of karanja oil droplet during

spreading on an inconel substrate
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Figure C.13: Images of contact angle relaxation of neem oil droplet during

spreading on an inconel substrate
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Figure C.14: Images of contact angle relaxation of sunflower oil droplet

during spreading on an inconel substrate
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APPENDIX D: COOLING CURVES MEASURED IN THE INCONEL
PROBE DURING QUENCHING IN VARIOUS QUENCH
MEDIA IN THE TENSI AGITATION SYSTEM
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Figure D.1: Measured cooling curves in the inconel probe during quenching in
distilled water under agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpm
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Figure D.2: Measured cooling curves in the inconel probe during quenching in
0.01 vol.% CuO nanofluid under agitation rates of (a) still (b) 500 (c) 1000 and
(d) 1500 rpm
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Figure D.3: Measured cooling curves in the inconel probe during quenching in
0.05 vol.% CuO nanofluid under agitation rates of (a) still (b) 500 (c) 1000 and
(d) 1500 rpm
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Figure D.4: Measured cooling curves in the inconel probe during quenching in
0.1 vol.% CuO nanofluid under agitation rates of (a) still (b) 500 (c) 1000 and (d)
1500 rpm
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Figure D.5: Measured cooling curves in the inconel probe during quenching in
1.0 vol.% CuO nanofluid under agitation rates of (a) still (b) 500 (c) 1000 and (d)

1500 rpm
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Figure D.6: Measured cooling curves in the inconel probe during quenching in
0.01 vol.% graphene nanofluid under agitation rates of (a) still (b) 500 (c) 1000
and (d) 1500 rpm
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Figure D.7: Measured cooling curves in the inconel probe during quenching in
0.1 vol.% graphene nanofluid under agitation rates of (a) still (b) 500 (c) 1000
and (d) 1500 rpm
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Figure D.8: Measured cooling curves in the inconel probe during quenching in
0.3 vol.% graphene nanofluid under agitation rates of (a) still (b) 500 (c) 1000
and (d) 1500 rpm

133



_ —0—TC(2) _ —0—TC(2)
< 600/ —X=TCE) | Y g0, ——TC(3)
@ —#—TCH4) @ —— TCH)
=

= 4004 £ 400

b b

(=9 o

E 200 E 200

= =

(a) (b)
0 0
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)

- —O0—TCQ) - —0—TC(2)
¥ 600/ X=TCR) | Y 6o —X—TC(3)
z —#r—TC(d) z —#r—TC(4)
£ 400 £ 400

3 3

(=9 (=9

E 200 E 200
= =

(c) 0 (d)
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)

Figure D.9: Measured cooling curves in the inconel probe during quenching in
0.0003 vol.% MWCNT nanofluid under agitation rates of (a) still (b) 500 (c) 1000
and (d) 1500 rpm
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Figure D.10: Measured cooling curves in the inconel probe during quenching in
0.003 vol.% MWCNT nanofluid under agitation rates of (a) still (b) 500 (c) 1000
and (d) 1500 rpm
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Figure D.11: Measured cooling curves in the inconel probe during quenching in
0.03 vol.% MWCNT nanofluid under agitation rates of (a) still (b) 500 (c) 1000
and (d) 1500 rpm
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Figure D.12: Measured cooling curves in the inconel probe during quenching in
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Figure D.13: Measured cooling curves in the inconel probe during quenching in
mineral oil under agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpm
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Figure D.14: Measured cooling curves in the inconel probe during quenching in
neem oil under agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpm
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Figure D.15: Measured cooling curves in the inconel probe during quenching in
sunflower oil under agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpm
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APPENDIX E: COOLING CURVES AND COOLING RATE CURVES
MEASURED IN THE G 10450 STEEL OF 25 AND 50 MM
SECTION DIAMETER
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Figure E.1: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm
section diameters of G 10450 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in mineral oil quenching medium
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Figure E.2: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of G 10450 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in karanja oil quenching medium
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Figure E.3: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of G 10450 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in neem oil quenching medium

140



8004 —o=TC
—41—T1
—&—T2
< 6001 @)
o o
-] [-F]
= B
g Z
s 4001 8
[-*] @
=" 2
£ £
-%] @
= 200+ Ty =
(a) (b)
0 1 T L L] 0 L] L] L] L] T T L
0 20 40 60 80 100 0 20 40 60 80 100 120 140 160
Time (s) Time (s)
80 1 (d)
—41—CRC
—0—CR1
60 - —r— CR2
——CR3
—¢CR4

Cooling Rate (°C/s)
2 2

Cooling Rate (°C/s)

1 L] L] = Ll : LI L) L]
0 200 400 600 800 0 200 400 600 800

Temperature (°C) Temperature (°C)

Figure E.4: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm
section diameters of G 10450 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in sunflower oil quenching medium
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Figure E.5: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of G 10450 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in distilled water quenching medium
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APPENDIXF: COOLING CURVES AND COOLING RATE CURVES

MEASURED IN THE G 10900 STEEL OF 25 AND 50 mm
SECTION DIAMETER
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Figure F.1: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm
section diameters of G 10900 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in mineral oil quenching medium
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Figure F.2: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of G 10900 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in karanja oil quenching medium
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Figure F.3: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm
section diameters of G 10900 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in neem oil quenching medium
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Figure F.4: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of G 10900 steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in sunflower oil quenching medium
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Figure F.5: (a) Cooling curves and (b) cooling rate curves obtained at various
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distilled water quenching medium

147




APPENDIX G: COOLING CURVES AND COOLING RATE CURVES
MEASURED IN THE STAINLESS STEEL OF 25 AND 50 mm
SECTION DIAMETER
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Figure G.1: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm
section diameters of stainless steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in mineral oil quenching medium
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Figure G.2: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of stainless steel and their corresponding cooling rate curves in

(c) and (d) respectively during quenching in karanja oil quenching medium
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Figure G.3: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of stainless steel and their corresponding cooling rate curves in

(c) and (d) respectively during guenching in neem oil quenching medium
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Figure G.4: Cooling curves obtained at various locations in (a) 25 and (b) 50 mm

section diameters of stainless steel and their corresponding cooling rate curves in

(c) and (d) respectively during guenching in sunflower oil quenching medium
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APPENDIX H: ESTIMATED HEAT FLUX TRANSIENTS DURING
QUENCHING OF INCONEL PROBE IN VARIOUS QUENCH
MEDIA
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Figure H.1: Spatiotemporal heat flux obtained during quenching of inconel in (a)
distilled water (b) 0.01 (c) 0.1 and (d) 0.3 vol.% graphene nanofluids
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Figure H.2: Spatiotemporal heat flux obtained during quenching of inconel in (a)
0.01 (b) 0.05 (c) 0.1 and (d) 1.0 vol.% CuO nanofluids
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APPENDIX I:  ESTIMATED HEAT FLUX TRANSIENTS DURING
QUENCHING OF INCONEL PROBE IN VARIOUS QUENCH
MEDIA IN THE TENSI AGITATION SYSTEM
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Figure 1.1: Spatiotemporal heat flux estimated at the inconel/water interface at
impeller agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpms
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Figure 1.2: Spatiotemporal heat flux estimated at the inconel/0.01 vol.% CuO
nanofluid interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d)
1500 rpms
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Figure 1.3: Spatiotemporal heat flux estimated at the inconel/0.05 vol.% CuO
nanofluid interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d)
1500 rpms
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Figure 1.4: Spatiotemporal heat flux estimated at the inconel/0.1 vol.% CuO
nanofluid interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d)
1500 rpms
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Figure 1.6: Spatiotemporal heat flux estimated at the inconel/0.01 vol.%

graphene nanofluid interface at impeller agitation rates of (a) still (b) 500 (c)
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Figure 1.7: Spatiotemporal heat flux estimated at the inconel/0.1 vol.% graphene
nanofluid interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d)
1500 rpms
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Figure 1.8: Spatiotemporal heat flux estimated at the inconel/0.3 vol.% graphene
nanofluid interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d)
1500 rpms
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Figure 1.9: Spatiotemporal heat flux estimated at the inconel/0.0003 vol.%
MWCNT nanofluid interface at impeller agitation rates of (a) still (b) 500 (c)
1000 and (d) 1500 rpms
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Figure 1.10: Spatiotemporal heat flux estimated at the inconel/0.003 vol.%
MWCNT nanofluid interface at impeller agitation rates of (a) still (b) 500 (c)
1000 and (d) 1500 rpms
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Figure 1.11: Spatiotemporal heat flux estimated at the inconel/0.03 vol.%
MWCNT nanofluid interface at impeller agitation rates of (a) still (b) 500 (c)
1000 and (d) 1500 rpms
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Figure 1.12: Spatiotemporal heat flux estimated at the inconel/karanja oil
interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpms
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Figure 1.13: Spatiotemporal heat flux estimated at the inconel/mineral oil
interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpms
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Figure 1.14: Spatiotemporal heat flux estimated at the inconel/neem oil interface
at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpms
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Figure 1.15: Spatiotemporal heat flux estimated at the inconel/sunflower oil
interface at impeller agitation rates of (a) still (b) 500 (c) 1000 and (d) 1500 rpms
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APPENDIX J: AVERAGE HEAT REMOVED WITH AVERAGE SURFACE
TEMPERATURE UNDER AGITATED QUENCH MEDIUM
CONDITIONS
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Figure J.1: Average heat removed as a function of average surface temperature
during quenching of the inconel probe in (a) MWCNT (b) graphene (c) CuO
nanofluids of various concentrations and (d) oil quenching media under 500 rpm

guench condition
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