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Abstract. Vegetable and animal oils as a class of fluidseh&deen used for hundreds of years, if not longsr, a
guenchants for hardening steel. However, when {giro oils became available in the late 1800s antlye000s, the
use of these fluids as quenchants, in additiomédr ise in other industrial oil applications quigldimished. This was
primarily, but not exclusively, due to their genravery poor thermal-oxidative instability and ttfficulty for
formulating fluid analogs with varying viscositygmerties. Interest in the use of renewable fluglsh as vegetable
oils, has increased dramatically in recent yearsadternatives to the use of relatively non-biodetgiale and toxic
petroleum oils. However, the relatively poor thekuozidative stability has continued to be a sigrafit reason for
their general non-acceptance in the marketplaceyb®an oil is one of the most highly produced \agetoils in
Brazil. Currently, there are commercially producegoxidized versions of soybean oil which are awdé#la The
objective of this paper is to discuss recently ol&d results showing the dramatic improvement arrtral-oxidative
stability of epoxidized soybean oils and to dis¢heg potential use and heat transfer propertissvaable alternatives
to petroleum oils for hardening steel.
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1. INTRODUCTION

Hardening steel occurs by first heating the steehé specified austenitizing temperature, typycadlthe range of
750-1100°C and cooling it in such a way that thsirdel microstructure is formed obtaining requiredperties such as
hardness, strength, and toughness. The main algeofi any quenchant is to produce the desired oegadal
transformations. In addition, the quenchant musw/@nt cracking and minimize distortions due to moiferm heat
transfer over the surface of the steel.

The microstructures that are formed during querghdepend on the heat transfer properties at thenfegél
interface. The cooling time-temperature pathwageisignated as the cooling curve. One method aitititing the steel
transformation microstructures during the quenchiraress is to superimpose the cooling time-tentperaurve for
steel cooled in a specific quenching medium ovarma (Time-Temperature-Transformation) or CCT (Contus-
Cooling-Transformation) curve for the steel of nets.

The most common quenchants, depending on the ateehardening process, include: air, petroleumvadter,
brine, aqueous polymer solutions and high-presgai® quenching. Of the vaporizable quenchants, lpetro oil
derived fluids are the most commonly encounterealghout the industry.

The challenge to replace petroleum basestocksalpetential problems with long-term availability @uldition to
the relative toxicity and poor biodegradability hdsne the vegetable oils as interesting alternabieeause their
biodegradable, environmentally friendly and nonitaenewable basestocks. Beyond these charaatsnstgetable oil
have good anti-friction properties, low volatilityigh viscosity index, and good miscibility withhet fluids (Adhvaryu
and Erhan, 2002).

Although the potential use of vegetable oils asebtxks for industrial oil formulation continueshkie of interest,
they possess a number of very substantial limitatinot the least of which is relatively poor thaloxidative stability
relative to petroleum oil-derived formulations. Fekample, vegetable oils typically cannot withstamservoir
temperatures in excess of 80°C due to the onsexidhtion, although the use of antioxidants cartigiy offset this
notable limitation (Goyaet al.,1995; Zeemaeet al, 1998). Oxidation limits the useful life vegetabl&derived fluids
because of the increased viscosity that resultgtwis further accelerated by elevated temperataneiscontact with



metals such as iron and copper (Rugtesl,2002). Adhvaryet al (2000) have concluded that soybean oil oxidizes a
rate that isat least an order of magnitude greater than thpetsbleum oil.

Thermo-oxidative stability of a vegetable oil igpgadent on the fatty ester composition of the yagtide structure.
Increasing amounts of unsaturation in the fattgrestructure leads to increased oxidative instgbichneider (2002)
and Kodali (2002) have reported that the relatiste rof oxidation increases as the number of dobbleds in
conjugation with each other increases in the faltlmarelative order: stearic (1) < oleic (10) < lieiw (100) < linolenic
(200) shown in Fig 1.

Knothe (2005) reported that the initiation stepoafdative degradation involves hydrogen abstracfiom fatty
ester of the lipid by an initiator. The most fawngosition for hydrogen abstraction occurs with lihwest activation
energy which is an allylic methylene, the (§lddjacent to the CH=CH moiety, and the allylicicatithat is formed is
stabilized by resonance over the double bond streicind the resonance stabilization increases thiéhhumber of
double bonds in conjugation. Bis-allylic positionspolyunsaturated fatty acids such as linoleic gdiouble bonds at
A9 andA12, giving one bis-allylic position at C-11) anddienic acid (double bonds A8, A12, andA15, giving two
bis-allylic positions at C-11 and C-14), are eveorenprone to autoxidation than the allylic positimioleic acid as
indicated in Fig. 1.
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Figure 1. Allylic methylene functionality: linolemi> linoleic > oleic

Souzaet al (2009) reported that although selection of thestreffective antioxidants do provide substantially
improved inhibition to oxidation, this is insuffat to rival the oxidative stability possible withe use of petroleum
oil-based fluids. Clearly, something significanthore effective is needed to provide the necesssidative stability
for applications where the fluid will be subjected-elatively high, even if only for a short-timtbgermal excursions.

Others possibilities to improve the thermo-oxidatistability of the vegetable oils are genetic amhenaical
modification. Modification of the chemical structuof vegetable oils has been proposed for the dpwent of
environmental friendly vegetable-oil derived baseks. One modification of vegetable oil structuratthas proposed
is epoxidation. Figure 2 provides a generic illastm of a fully epoxidized soybean oil. Double Hoepoxidation has
been utilized for over 50 years as described byadet al. (1956) and Findlewt al. (1962). Epoxidized vegetable oils
are of potentially great interest for commercigblegations as lubricants, synthetic detergents,fanthe production of
polyurethane foams.

Figure 2. Generic simplified illustration of onetpntial component in epoxidized soybean oil, adafritem Hwang
and Erhan (2006).

Wu et. al. (2000) showed that epoxidized rapeseed oil exddbijreater oxidative stability than unepoxidized
rapeseed oil without chemical modification. Moregwbe epoxidation treatment did not modify thedagradability of
the base stock.



Adhvaryu and Erhan (2002) and Erhein al. (2003) reported that epoxidized soybean oil dernnatesi improved
thermal and oxidative stability relative to unepbzéed soybean oil and genetically modified highokoybean oil in
certain high temperature lubricant applications.

Epoxidation has been shown to significantly imprawddative stability relative to unepoxidized tsigeride
structure. Only limited data is available comparihg resulting oxidative stability of the epoxidiz&iglycerides with
their functionally equivalent petroleum oil bases®

The objective of this paper is to discuss receatitained results showing the dramatic improvemerthermal-
oxidative stability of epoxidized soybean oils aoddiscuss their potential use and heat transfepepties as viable
alternatives to petroleum oils for hardening steel.

2. EXPERIMENTAL PROCEDURES

The epoxidized soybean oil used in this work wagioled from Inbra (Industrias Quimicas Ltda) andswa
designated as ESBO. The soybean oil, produced hgilCAgricola S/A, was purchased at a local marketSao
Carlos/SP, Brazil and was commercially designagtiza and classified as “pure” soybean oil (S@)addition, one
Fatty Acid M ethyl Ester (FAME) derivative of soybean soapstock desaghas FAME 3P was obtained from Cognis
do Brasil Ltda. (Soybean oil soapstock is a by-pobdof the caustic refining process of soybean) @il.reaction
schematic illustrating the general synthesis of FAWom a triglyceride such as soybean oil is shawfkig. 3. The
FAME 3P was added with stirring into ESBO produdhg formulations designated in Tab.1.
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Figure 3. General illustration of the synthesisa 6fAME derivative from a triglyceride.

Table 1. ESBO_I and FAME formulations using forrthal-oxidation study.

Designation % ESBO %FAME
ESBO 100 0
EF 30 70 30
EF 38 62 38
EF 60 40 60
FAME 0 100

Two fully-formulated, commercially available, paegaom-based quench oils used for comparison weréritont
Temp 4 (conventional “slow” oil) and Lubrifort Ten (accelerated “fast” oil). These petroleum-bagednch oils
were obtained from Quimifort IndUstria e Comércidd., Sao Carlos, SP, Brazil.

Viscosity was measured at 40°C and 100°C usingpreddid Cannon-Fenske viscometer tubes accordidgiavi
D445-06 “Standard Test Method for Kinematic Vistpsf Transparent and Opaque Liquids (and Calautatf
Dynamic Viscosity)”. The viscosity index was calatdd according to ASTM D2270-10 “Standard Pracfice
Calculating Viscosity Index from Kinematic Viscosiat 40° and 100°C”. All viscosity measurementgeveun in
duplicate and the average value was reported.

Cooling curves were obtained at 60°C, non-agitatautition, according to ASTM D6200 “Standard Testthbd
for Determination of Cooling Characteristics of Qak Oils by Cooling Curve Analysis”. This methodines a 12.5
mm dia x 60 mm INCONEL 600 cylindrical probe withTgipe K thermocouple inserted to the geometric exerifter
heating the probe in a furnace to 850 °C, it was tmanually and rapidly immersed into 2000 mL ef ¢l to be tested
which was contained in a tall-form stainless steedker. The probe temperature and cooling timeg weorded at
selected time intervals to establish a cooling terajure versus time curve. All measurements weréonmeed in
duplicate and averaged. The averaged data areteddure.

3. RESULTS AND DISCUSSION

3.1. Viscosity Properties



The viscosity-temperature relationship is an imatrtphysical property for any potential basestdwt tmay be
used for steel quenchant formulations since heaister is exponentially related to the viscositytlid heat transfer
medium. As steel cools, the viscosity at the iategfbetween the cooling metal surface and thefhuitkdecreases and
the interfacial heat transfer coefficient whichpartly determined by the structurally dependergcesity-temperature
relationship of the basestock will control the tieenperature (cooling curve) exhibited by the qumamt which, in
turn, controls the overall hardening propertiestité quenching medium. According to Sangts al. (2005), the
viscosity of the triglyceride components of the e®dple oil increases with the fatty acid ester mHangth and
decreases with the amount of unsaturation in ttig &&id ester alkyl chain.

Viscosity-temperature properties of a fluid is cwerized by the so-called viscosity index (VI) ehiis an
arbitrary measure of the change of viscosity wighpect to temperature and is commonly used to cteaize oil
basestocks. VI provides a numerical comparisoh@fiscosity of a fluid at two different temperasir Although there
are various numerical correlations to charactettze viscosity-temperature of a lubricant, some dficlv were
summarized by O’Donnell and Zakarian (1984), thessic relationship is the Walther equation (Sandéhazio, J.
et.al. 2006):

log log ¢+0.7) = A—B logT (1)

where: log is the logarithm to the base 10js the kinematic viscosity (nfits) (cSt) and T is the absolute
temperature (K) — (K =t + 273) and t is the tenapeare in °C. The values A and B are constants. cbmstant 0.7 in
Eq. 1 is the value most often used for petroleusetdubricants. However, different values of thimstant may be
determined for different lubricants to improve thata fit, if required. ASTM D341-09 “Standard Preet for
Viscosity-Temperature Charts for Liquid Petroleurodicts” is an industrial standard used to reptegenchange of
viscosity of petroleum products with the temperatand it is based on Walther equation Eq. (1).

According to ASTM D341, kinematic Viscosity datatained by ASTM D445 is determined at two tempesyr
40°C and 100°C and the data is plotted as showiigind. The variation in slope of the lines summedi in Tab. 2
indicates the relative change of viscosity withpexs to temperature within the range of 40°C - €COT0%he slope of the
lines in Figure 4 and the Walter B slope coeffitseshow that the change in viscosity with respet¢emperature of the
ESBO/FAME blends progressively decreases as theuathmod FAME in the blend increases which is notxpeeted
because the viscosity range at both 40 °C and H080°C decreases with increasing FAME content & titend.
Interestingly, although the change in viscosityhwiéspect to temperature of the fast petroleund@iived quenchant
(Temp 2) is less than the slow analog (Temp 4). él@w, as indicated in the previous discussion,etlizga suggest
that a different numerical constant in the visgogibrameter, other than 0.7, may be required whenWalther
equation is used for vegetable oil and vegetathdasived basestocks. This was not examined asopénis work.

Viscosity indexes are currently most commonly deteed according to ASTM D2270 and the VI value is
determined from the appropriate look-up table. vhlégively, internet calculators such as one publisby Evonik
RhoMax may also be used (Anon., 2011).

The results of kinematic viscosity measurements Hral calculated viscosity index (VI) obtained foach
formulation and the two petroleum oil quenchants shown in Tab. 2. The viscosity of epoxidized s&b oil
(ESBO), at both temperatures, is higher than tteroformulations and as reported in previous stdegcribed in
literature (Adhvaryu and Erhan, 2002). FAME exlelithe lowest viscosity compared with the othemigiations, as
expected since it is a relatively low molecular gigi monoester. Also, increasing amounts of FAMEitamd to the
ESBO resulted in a progressive viscosity decretige.reason for performing this study was to exantiirgepotential
use of FAME addition to decrease the otherwiseaexttinarily high viscosity of ESBO which would it its
potential use as a quenchant. These data showathatpected, the addition of FAME to ESBO can édopmed to
obtain reasonably similar viscosity properties treéato unadulterated soybean oil. However, theosgty data of the
ESBO/FAME blends do not compare well with eithetrpleum oil quenchant evaluated.

The viscosity of the slow oil was considerably geedhan either the soybean oil or most of the ES#Dds. The
viscosity of the fast oil was substantially lowbah either the slow oil or soybean oil. The visttesiof EF 60 blend
was similar to the fast petroleum oil quenchantnfpe?) at 40 °C, and the viscosity of EF 30 blengraximated the
slow petroleum oil quenchant (Temp 4). Interestingthile it is possible to blend ESBO/FAME to olntdine viscosity
of either the fast or slow oil at 40 °C, it is patssible to match the viscosities at both 40 °Cl8@i°C.

The reason for the inability to match the viscogitpperties of these blends with the petroleungo#gnchants is
due to the substantially different VI propertiestbése fluids. Table 2 shows that the VI of soybe#rn(229) was
significantly higher than either the fast (143)sbow (99) petroleum oil and the VI of the fast wihs nearly 50%
greater than that of the slow oil. These valuesesgnt the expected change in viscosity of thewndh change in
temperature and the lower the VI value, the gretierchange that is expected. FAME had the higtieé347) of the
fluids evaluated, even greater than soybean ad,the value for ESBO (141) was similar to that mh#d previously
(142) (Dollet. al, 2008). Increasing amounts of FAME in an ESBO/FAMEnd resulted in a progressively increasing
VI. It should be noted that a comparison of theaesity properties of the fast and slow petroleurargph oils indicates
that the basestocks are different for these twa dihe slow oil possesses a substantially grehitier fiscosity which
would be expected to result in generally slowerliogorates throughout the quenching process relativthe fast oil
since heat transfer decreases with increasing sitgco



Table 2. Kinematic viscosity and viscosity indeX)(determined for every formulations and petrolenifrbased

guenchants.
. - . Petroleum Qil
Soybean Oil, Epoxidized Soybean Oil (ESBO), FAME
) Quenchant
PhyS|Ca| Property and ESBO/FAME Blends SIOW O|| FaSt Oll
SO | ESBO| EF30| EF38| EF60] FAME | Temp4 Temp 2
Viscosity (cSt at 40°C) 31.71 162.77 48.65 37.43 .286| 4.76 52.86 16.96
Viscosity (cSt at 100°C) 7.74 19.91 9.4§ 8.11 4857 2.02 7.38 4.05
Walther slope (“B”) 0.392] 0.572 0.464 0.43p 0.347 .090 0.518 0.362
Viscosity Index 229 141 183 199 220 347 99 143
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Figure 4. Viscosity-Temperature property comparisbaach fluid (SO - soybean oil, Lubrifort Temp-2ast oil,
Lubrifort Temp 4 — slow oil and ESBO - epoxidizesybean oil/FAME blend — see Tab. 1) studied showlfirgggreater
viscosity ¢) —absolute temperature (K) sensitivity.

3.2. Quenching/Heat Transfer Performance

Quenching cooling times and cooling rates and traasfer coefficients for each fluid evaluatedhistwork were
determined by cooling curve analysis under unaggta&ionditions according to ASTM D6200 at a bathperature of
60°C. Two petroleum-based quenchants were usedofoparison: Lubrifort Temp 2 (fast oil) and Lubrifdemp 4
(slow oil). The “slow” and “fast” oil designationtypically refer to the film-boiling/nucleate boitnproperties of a
guenchant. When hot @50 °C) steel (or Inconel) is immersed into a vagadle fluid such as a petroleum oil, the hot
surface is surrounded by a vapor blanket and heasfer occurs by a full-film boiling mechanism. dieransfer
through this vapor blanket is typically the slowestountered in the process. Upon further cooting.film collapses
and nucleate boiling results. The transition betwdull-film boiling and nucleate boiling is desafed as the
Leidenfrost temperature and heat transfer is tylpidastest in this region. When the temperaturerdases to a
temperature less than the boiling point of the comemts of the oil, heat transfer occurs predomipdnt convection
which is considerably slower than nucleate boilwg faster than full-film boiling. “Fast” quencliotypically contain
additives that facilitate the rupture of the vaptamket.

Since nucleate boiling is facilitated at a highemperature (shorter time), such oils are used tdemaotherwise
difficult to harden steels such as carbon steets law-hardenability alloy steels. Because nucldaiéing occurs
sooner than would be observed for a slow oil (veithotherwise identical composition and physicalpprties) it is
designated as a “fast” quenching oil. Figs. 5 asti@dv the cooling time-temperature curves and ngatate curves for
the fluids evaluated as part of this work. The gaplcurve parameters for the fluids evaluated iis thork are
summarized in Tab. 3.



Table 3. Cooling parameters obtained by ASTM D62060°C bath temperature and with no agitation.

Cooling Soybean Oil, Epoxidized Soybean Oil (ESBO), FAME| " etroleum Ol
Curve Parameters and ESBO/FAME Blends Quenchant
obtained at 60°C bath Slow Qil Fast QOil
temperature SO | ESBO| EF30| EF38| EF60f FAME Temp 4 Temp 2
Crrooec (°C/S) 94.87 90.35 27.47 23.26 24.28 25.53 74.96 32.98
Crsooec (°C/S) 15.60 8.18 11.89 12.90 18.97 19.31 5.50 5.81
Croooec (°C/S) 3.00 | 3.03 2.67 2.77 3.32 3.57 2.98 2.70
t7000c (S) 4.80 5.14 6.58 7.47 6.82 6.29 6.08 7.37
ta000c (S) 13.53 15.83 16.31 16.80Q 14.66 16.70 23.22 18.72
t2000c (S) 28.94 40.64 28.94 36.22 29.84 31.15 51.78 42.20
Petroleum QOil

Soybean Oil, Epoxidized Soybean Oil (ESBO), FAME

Heat Transfer Properties and ESBO/FAME Blends Quenchant

Slow Oil | Fast QOil

SO | ESBO| EF30| EF38] EF60 FAME | Temp4 | Temp2
E\'ﬁ;”‘é\ﬁ%”j{e; cogfficlent | 2308 | 2308 | 719 | 525| 547| 1008 191 744
cvisltzt};")"gffgggﬂecfﬁde”t 803 | 494 | 659 | 664 977| 1154 283 330
E\'ﬁ;”‘é\ﬁ%”j{ezr gogfficlent | 296 | 264 | 233 | 241| 289 311 260 235

The first comparison to be discussed is for thet"fand “slow” petroleum oil. When evaluating thessults, it is
important to consider the viscosity and viscositgex relationships shown in Tab. 2 which suggeat these two
guench oils are formulated using substantiallyedéht basestock with the “fast” quench oil (Temgp&ng formulated
with a relatively low viscosity (16.06 cSt) vers62.86 cSt viscosity for the “slow quench oil (Temp This
complicates the cooling curve comparison of the tuench oils. Table 3 shows that the cooling rattha higher
700 °C temperature (GRed is much faster for the slow oil and the time tmicto 700 °C .0 is somewhat faster.
Furthermore, inspection of the cooling time-tempa®and cooling rate curves do not exhibit thestarttially reduced
full-film boiling region more conventionally expext for fast oil compared to slow quenching oil.féwct, the slow
guenching oil, even at the higher viscosity, did exhibit the expected extended full-film boilinghe cooling rate at
300 °C (CRyeg was essentially equivalent for both oils. Howewbe cooling times to 300 °Czf$d and 200 °C
(t2000Q are substantially slower for the slow quenchr@lihtive to the fast oil which is the expected hédia

The next comparison to be performed relative to fade# and slow petroleum oil quenchants is soybeihn
Inspection of the soybean oil cooling time-tempam@tand cooling rate curves, shows that it doesbéxa minimal
vapor blanket cooling region which typically accamnges full-film boiling. However, the cooling curyparameters for
soybean oil in Tab. 4 shows that it exhibits sulsadly faster values for both GRe.c and tqeec relative to either
petroleum oil quenchant suggesting that cooling@ss for soybean oil is probably predominated bweotion. The
CRsgoecand tgoecis also much faster than either the fast or slowhile the CRggec and $ogecis also faster than either
petroleum oil, the difference is considerably le@serall, the soybean oil is clearly the fastestthid quenchants
evaluated.

When comparing the cooling time-temperature andimgoate curves for FAME (which is the methyl esté fatty
acid components derived from methanolysis of soybed) it is important to realize that FAME is cooged of
monoesters which represent a much lower molecutagiw and consequently is correspondingly more tilelthan
soybean oil which is a triglyceride (triester). Guarison of the cooling time-temperature curve apaling rate curve
for FAME shows that it exhibits a substantially ¢em vapor blanket (full-film boiling) region thaitleer soybean oil or
either petroleum oil quenchant. The data in Talshfws that the Clec is much slower than soybean oil and the
cooling rates at CRByc and CRyc are faster than soybean oil, although the diffeeenmay not be significant.
Although the cooling rate 700 °C is slower duehie full-film boiling process, the cooling rates3t0 °C and 200 °C
are faster for FAME than those exhibited by eittier fast or slow petroleum oil. The cooling time780 °C is very
similar for FAME and the petroleum oil quenchariti@ugh the cooling times are faster for FAME a03C and 200
°C.

The CRoeec for ESBO is approximately the same as soybeanirgpobte at this temperature; it exhibits a very
minimal apparent vapor blanket region. In viewtwd £xpected very high boiling points for both s@eil and ESBO
and the corresponding low vapor pressure, it igljikhat the cooling process for ESBO is also pneidated by
convection. The CRgcis much less for ESBO than soybean oil whichkslji due to the much higher viscosity of
ESBO (162.8 cSt) compared to soybean oil (31.7. @B togec and goec is slightly longer for ESBO than soybean oil
although thebecis much longer for ESBO. Compared to FAME, the,gRis much faster because FAME exhibits a



prolonged vapor blanket cooling region which is nbserved for ESBO. Thegt.cand tooc is faster for ESBO but
ESBO has a longepgtec ESBO cools much faster to 700 °C than eitheropeim oil and is also faster at 300 °C,
although it is only marginally faster at 200 °C.eTtygc and togec are faster for ESBO than either petroleum oil.
Although the fyecis faster for ESBO than the slow petroleum o Halues forio.care approximately comparable for
ESBO and the fast petroleum oil.

The reason for doing this work was to determingig possible to reasonably match the quenchiméppmance of
a petroleum oil, whether fast or slow, or both,bending FAME and epoxidized soybean oil (ESBO)e Hpproach
used to address this question was to blend diffeadivs of FAME and ESBO and compare the quenchioperties
with the fast and slow petroleum oil quenchantsduee this study. Careful inspection of the cooliimge-temperature
and cooling rate curves shows that the vapor blaodeling region was significantly extended relatio soybean oil
and ESBO but somewhat less than that observedAbtE: However, the vapor blanket regions exhibitgdBs 30,
EF 38 and EF 60 were intermediate between FAME B&BO but quite similar to each other. The,gR of the
FAME and EF 30, EF 38 and EF 60 blends were corym@nd were also slower than ESBO and both theafas
slow petroleum oil. The Clgycfollowed the trend:

ESBO < EF 30 < EF 38 < EF 60 < FAME

This trend was directly proportional to decreadiingd viscosities. No similar identifiable trend wabserved for
CRxos In addition, none of the cooling times followedyasignificant trend. Finally, and importantly, reonf the
ESBO/FAME blends produced cooling curve time ang n@arameters that matched well with the fast dod s
petroleum oils used for this work. The reasonglig are varied but perhaps one of the most inapoiis the inherent
film boiling properties that seemed to be exhibitsd FAME and its blends. This was further compkchby the
varying viscosities exhibited by the blends.

900 -
800 {
700 -
600 -
500 -
400 |

300

Temperature (°C)

200

100

Time (s)

Figure 5. Cooling curves data at 60 °C bath tentpexavith no agitation.



900
800 —
700 —
600 —
500 —
400 —

300

Temperature (°C)

200 - |

100

Oo——7T 77T T T T T T T T
0 10 20 30 40 S50 60 70 80 90 100 110 120

Cooling rate (°C/s)

Figure 6. Cooling rates data at 60 °C bath tempegatith no agitation.

Most conventional cooling processes involving végaisle quenchants possess four cooling mechanispshock
boiling, 2) film boiling, 3) nucleate boiling ang donvection cooling processes. Since the ASTM Me&andard 12.5
mm dia x 60 mm cylindrical Inconel 600 probe prasdooling rate and temperature vs. time at the abprobe, it is
only possible to evaluate “average effective heatdfer coefficients” which are used in the heatting industry.
During quenching, the heat transfer coefficierdépendent on: surface temperature of the stee(anbe), mass and
flow velocity of the quenchant. The variation oétheat transfer coefficient during film boilingsafficiently small to
permit the use of average values. (During nucleate boiling and convective cooliagerage effective heat transfer
coefficients can be determined. In this paper, hesisfer coefficients were calculated accordinghe theory of
regular conditions and the calculation procedurgcdieed previously by Kobasket. al. (2010) was used and will not
be discussed further here.

The heat transfer coefficients obtained showed thatheat transfer coefficient at 700 °Gof.0 for the slow
petroleum oil was more than twice as fast as theffatroleum oil. The values for soybean oil an@883vere the same
and were substantially faster than the other fl@daluated. Thei;oec for FAME was slower than soybean oil and
ESBO and which was intermediate between the fadtstbow petroleum oil. Thesqec values for the blends and were
slower than for the fast petroleum oil and FAME e¥his probably attributable to the increasing visgorelative to
FAME. At 300 °C, theazgec Value for soybean oil was much faster than thatE8BO which was due to the
substantially lower fluid viscosity. Th&ggec value for the slow oil was lower than that for flast oil which was also
due to the greater viscosity of the slow oil. Thgy.c value for FAME was fastest due to its low viscpsind theusggec
values for the blends were intermediate betweewahges for ESBO and FAME. Finally, the heat transfoefficients
at 200 °C 0000 for all of the quenchants were similar. On theibaf these data, it is suggested that compag&tme
heat transfer coefficients provides the least amtiig and most insightful results with respect teermhing
performance.

4. CONCLUSION

The metal quenching performance of epoxidized sayhal was compared with both unepoxidized soybaibn
(ESBO) and two fully formulated, commercially aedile, petroleum-based “fast” and “slow” quench.ollkis study
showed:

1. The very high viscosity of ESBO would precludeuse as a quench oil.

2. FAME derived from soybean oil reduces the viscosityeSBO to reasonably model a petroleum oil-based

guenchant.

3. Quenching performance of soybean oil was evaluatedooling curve analysis which suggests that heat
transfer occurs predominantly by convection as d&&®BO. However, the heat transfer mechanism of FAME
and FAME/ESBO blends occurs by three: film-boilingcleate boiling and convection.

4. Further work is required to more fully assess toengarability of FAME/ESBO blends with respect to
formulated petroleum oil-based quenchants curréntlyse.
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