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Immersion quenching is the most widely used quenching technique today and is usually one of the last
steps in heat treat processing. Improper hardening to incorrect cooling is generally a great loss and
causes a great percentage of manufacturing costs. @woid a failure in cooling, researchers are commit-
ted to describing the cooling effect as precisely as possible.

The cooling of immersion cooled workpieces or probes is generally characterized by the process of wet-
ting. Evaporable fluids exhibit the three well known stages of cooling: vapor blanket stage, boiling stage,
and convective heat transfer. Therefore cooling behavior is influenced by a wide variety and depends on
a number of parameters, that is, type of quenchant used, bath temperature, rate of agitation, and the
physical and chemical properties of the quenched parts.

Environmental pollution has caused the search for new products in hardening and shock cooling of steels.
The use of soybean oils as quenching fluids is new, and compared with standard mineral oils, there are
many advantages mainly concerning the environment and the health of workers.

reported as a potential quenchant (Ref 9). However, one of the
earliest references to the quenching behavior of vegetable, ani-
mal, and fish oils was provided by Tagaya and Tamura (Ref 10,
11). However, although these authors have discussed general
. properties such as quench severity or, in some cases, general
1. Introduction cooling curve behavior, the fundamental cooling mechanism of
vegetable oils relative to the better known mineral oil quen-
Although mineral oils have traditionally been one of the chants has not been described to date.
most commonly used quenching media, unlike water, they are  The fundamental mechanism of the immersion quenching
being subjected to ever-increasing controls due to increasinglyprocess is best characterized by surface rewetting charac-
stringent governmental regulations regarding their use. Rou-teristics (Ref 12-18). Vaporizable quenchants are characterized
tine disposal and inadvertent release into the environment, eshy the well-known stages of cooling: vapor blanket (full film
pecially into the soil where they may leach into drinking water boiling), nucleate boiling, and convective cooling stages.
aquifers, is being increasingly regulated by governmental Therefore, the cooling behavior is influenced by a number of
agencies (Ref 1, 2). Improper disposal, even if it is incidental, \aiaples including type of quenchant with fluid viscosity, va-
may be the source of large penalties or even litigation (Ref 2). por pressure or boiling point, bath temperature, and rate of agi-
European studies have shown that mineral oil based fluidtation as well as the physical and chemical properties of the
leakage, such as hydraulic fluids, is one of the primary sourcesyyenched parts.
of ground water pollutions (Ref 3). This has been followed bya = Thg gpjective of this article is to provide for the first time a
worldwide effort to identify fluids that exhibit reduced envi- -, mnarison of the fundamental quenching performance of two
ronmental and toxicological impact upon incidental contact vegetable oils (ABIL Laboratory, University of Northern lowa)

with _the environment (Re_f 4, 5). Ad_ditiongl if”pews has be_en and a conventional mineral oil (QH 10 from Fuchs, Germany).
provided by the use of national labeling criteria. One of the first

and most stringent environmental labeling procedures is the
German “Blue Angel” label (Ref 6). Although a focus has been 9 Principle of Measurements
on mineral oil based hydraulic fluids, similar regulations are in

place for oil quenchants (Ref 7). . . .

Thus far. th ¢ v cited b tocks for the f At present, various methods of comparing the cooling ef-
mulat?osn c?fr,en\fir(r)nnonsweﬁ?ammf?igr{d(l“ euer?csr?asnct)sca?e 3; e?alg)lre: fects of fluids are used around the world (Ref 16, 17). The Sci-
oils including canola oil (I%/ef 7) a?\/(? soybean oil deri\?atives entific and Technological Aspects of Quenching (STAQ), a

9 . oy . committee in the International Federation of Heat Treating
(Ref 8). Most recently, a crambe oil derived fluid has also been ) . .
(IFHT), has taken steps to prepare international standardized
G.E. Totten, Union Carbide Corporation, USA; aktdM. Tensi and proposals. The expe”mental tes'_ung procedure dlscuss_ed _Was
K. Lainer, Technische Universtat Minchen, FATUM, Institut far  Performed according to International Standard Organization
Werkstoffe und Verarbeitung, Germany. Contact e-mail: tensi@ (ISO) 9950, “Industrial Oils—Determination of Cooling Char-
amw.mw.tu-muenchen.de. acteristics—Nickel Alloy Probe Test Method.”
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According to Ref 19 the cooling behavior of austenitic stain- hardenable unalloyed steel Ck 45, tightened on a tube that was
less steel probes is very similar to that of INCONEL 600 part of a mechanical transfer system. The austenitizing heat
probes, but they have the advantage of a very low variance ofreatment and the automatic submerging into the quenchants
measurements (because of its tendency of passivation) and was done under protective argon gas atmosphere. Table 1
better similarity to hardenable steels. Thus, the following shows the chemical composition of the steels used.
probes were used. The tested probes were cylinders made ofthe The probe diameter after finish grinding was 15 mm with a

Table1 Chemical composition of Ck 45 and
transformation free austenitic X 6 CrNiTi 18 10 steel

Composition, %

Chemical components Minimum Maximum  Actual value
Ck 45

C 0.42 0.50 0.48
Si 0.15 0.35 0.25
Mn 0.50 0.80 0.59
P 0.035 0.023
S 0.035 0.017
Cr 0.050
X6 CrNiTi 18 10

C <0.08 0.086
Si <1.00 0.26
Mn <2.00 1.56
P <0.045 0.028
S <0.030 0.019
Cr 17.0 19.00 12.90
Ni 9.0 12.00 9.20
Ti 25xC, % <0.80 0.45
Mo

\%

Table 2 Physical properties and acid contents of soybean
oils

Normal Hydrogenated

Properties crude winterized
Viscosity, cSt 43.86 24.18
Density at 25 °C, g/mL 0.92 0.92
Freezing point, °C -10to-16 -9
Flash point, °C 296 328
Fatty acids, %

Palmitic, 16:0 11 9.5

Palmitoleic, 16:1 0.1 NA

Steanic, 18:0 4.2 4.0

Oleic, 18:1 23.4 375

Linoleic, 18:2 52.5 42.31

Linolenic, 18:3 8.8 4.75

NA, not applicable

Table 3 Physical properties and acid contents of mineral
oil

Properties Mineral oil
Density at 15 °C, g/mL 0.845
Viscosity, mni/s 23at20°C
11at40°C
3at100°C
Flash point, °C 156
Freezing point, °C -14
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ric center and inserted into a hole of 1.1 mm diameter, as shown
in Fig. 1. The used temperature sensor was a metal-sheeted
NiCr/Ni (chromel/alumel) thermocouple of insulated junction
type with an outer diameter of 1.0 mm. The virginal austenitic
probe was conditioned by conducting three “dummy”
qguenches in a referencing fluid (distilled water at 60 °C) from
850 °C, until a continuous oxide film was formed around the
probe surface and reproducible results were achieved (passi-
vated surface).

The probe was inductively heated to 850 °C (1562 °F) in a
protective gas atmosphere (argon) and after 5 min subsequently
transferred into a fixed volume of quenchant being tested. The
agitation rate of the tested quenchant was 0.3 m/s with 40 °C
bath temperature. The change of temperature in the sample cen-
ter of the probe was measured, and the portion of the wetted
surface area was determined from a photo sequence and from
measurement of the electrical conductance (Ref 12, 13, 16).
The cooling rate in the probe center was calculated by a numeri-
cal differentiation from the measured temperature-time curve.

2.1 Quenchants

The vegetable oils used were crude expelled and partially
hydrogenated and winterized soybean oils (Ref 20); the con-
ventional mineral oil was QH 10. Table 2 gives a summary of
the fatty acid content and physical properties of the vegetable
oils, and the physical properties of the mineral oil are given in
Table 3.

\ 7l

W |

~2Z1.1

215 edges according
to DINC16784

Fig. 1 The tested probe geometry with thermocouple hole and
dimensions
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Vegetable oils are typical natural occurring triglycerides ess that reduces the amount of solids, high melting saturated
with the generic structure shown in Fig. 2. Each vegetable oil istriglycerides, that are initially formed upon cooling. Winteriza-
characterized by the particular type and concentration. QOil istion is performed by chilling the oil to a particular temperature
removed from the vegetable beans (or seed) in an “expelling” at a specified rate, both of which are dependent on the end use
process (Ref 20). Expelling can be performed by either press-of the oil, with the subsequent filtration of separated solids (Ref
ing the bean (or seed) or, more commonly, by a solvent extrac-21). A cooling curve comparison of the “crude-expelled” oil to
tion process. Expulsion by solvent extraction is a three-stepan undefined parafinic oil was provided in Ref 9. However, un-
process: bean preparation, oil extraction and solvent stripping,til now, the important fundamental cooling properties of these
and reclamation. To improve low temperature properties, soy-oils have not been reported.
bean oil can be “winterized” (Ref 21). Winterization is a proc-

2.2 Convection Apparatus

Figure 3 shows the convection apparatus and its dimensions
(Ref 15, 17, and 18). The quenching vessel is rectangular with
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Fig. 3 The controlled agitation apparatus for generating a low-
cost, single-phase, and spin-free fluid flow (Ref 15, 17). The

measurement position x [mmj]

Fig. 4 (a)Velocity of flow versus impeller speed (rpm) in the
center of the rectangular flow duct for soybean oil (bath tempera-

quenching device can be constructed of glass or any other trans-
parent and thermal resistant material and is the standardized
quenching device according to ISO/DIS 9950. Dimensions in
mm
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ture: 40 °Cx =30 mmgz = 110 mm). (b)Velocity of flow over

the cross section of the rectangular flow duct as a function of the
impeller speed for soybean oil (bath temperature: 4& C10

to 50 mmgz = 110 mm)
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148 s 2.50 s 3425 440 5355 6.04 s 6.48s 6.98 s 7.46 s

Fig. 5 Wetting process of a cylindrical Ck 45 steel sample (15 by 45 mm diameter) being quenched in partially hydrogenated-and winter
ized soybean oil of 40 °C with 0.3 m/s agitation rate

10 The correlation between the rotational speed of the impeller
and flow velocity in the center of the flow duct and over the
. cross section of the flow canal for the investigated soybean oil
75 A ‘ is given in Fig. 4(a). The flow velocity is directly dependent on
A . the viscosity of the fluid used and varies according to the bath
o+ p temperature. If the construction rules for the convection appa-
5 _ A .f ratus are observed, the reference graph shown in Fig. 4(b) can
R ) l U 3 be used for fluids with sensitive viscosities as a first approxi-
A7) | msioaten g maton
2514 |
rewetting front from 3. The Rewetting Process
the Iovyer er;ld
5 10 15 20 25 30 35 40 45 During immersion cooling in vaporizable fluids, such as
distance z from the lower end face [mm] vegetable oils, the heat transfer coefficient changes its value by

. . . more than one order of magnitude, due to the sequence of the
_:::Z x::n wﬁ!ng .Staf.'ts. ths [dS]t } time interval of three known stages of cooling: vapor blanket stage (or film
nwetting is finished tfls] ] wetting Atyy [s] boiling stage), nucleate boiling, and convective heat transfer
Fig. 6 Wetting characteristics,, ts, and { (determined from a (Ref 22, 23). To illustrate the three cooling stages, a photo se-
photo sequence), versus distargsm), from the lower end of guence of the quenched sample was taken during the immer-
a cylindrical probe, quenched in partially hydrogenated winter- sion cooling process. The direct influence of some physical and
ized soybean oil at 40 °C and 0.3 m/s agitation rate. Tested mate- chemical parameters of the fluid and the probe material on the
rial: X6CrNiTi 18 10 rewetting process are given in Ref 12.
Immediately after immersion of the probe into the tested
fluid, a vapor film (its stability is quenchant dependent) forms

the dimensions 125 by 60 by 60 mm. The volume of the bath is
: 33
approximately 1.5 10~"m*. The bath can be constructed from ., the entire sample surface. Heat transfer from the cylin-

glags or any other transparent and temperature-resistant syrgg g\ race into the surrounding fluid is very low because of the
thetic material. Thus foaming of the fluid and apparatus CIe"’m'high thermal resistance of the vapor film. The surface tempera-

ness are easily observed. In addition, the overall quenchin . : X
) ure, at which the vapor film breaks down and wetting occurs,
process can be observed and controlled. Defined levels of.

forced convection (agitation) are produced by an impeller (di- 5;2%;?;?:?:3';?;2?:2?;rtsrr]?%éz?rj]r; t((aTmL;.eﬁ;u?de;}g:nngg
ameter, 50 mm; number of blades, 3; pitch setting, 42 mm) (Ref
15,17) ! S, 3, plich setling ) ( the length of the probe (Ref 1, 13, 14, 23). The subsequent

The bath can be heated outside the convection apparatus’,‘uc'eate boiling stage is the region exhibiting the highest
for example, in a water bath or with an immersion heater. heat transfer rates during immersion cooling. After the sur-

The use of a cooling coil is the preferred method of cooling. facé témperature reaches the boiling temperature of the
During heating or cooling, no foreign substances are al-gquenchant, nucleate bmlmg_stops_and convective heat trans-
lowed to be brought into contact with the fluid. The convec- fer starts. Heat transfer during this cooling stage is mainly
tion apparatus was cleaned prior to its initial use. influenced by free and forced convection and is compara-
Sufficient cleaning to assume that no residues or deter-tively low.

gents remain in the apparatus was performed. With each Figure 5 shows a typical example of the rewetting process
charge of fluid, the complete apparatus was washed withduring quenching in vegetable oil (partially hydrogenated win-
water at least three times. terized soybean oil).
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Fig. 7 Measured (a) temperature-time curve and (b)calculated cooling rate at the sample center during immersion cooling of a Ck 45
probe in partially hydrogenated soybean oil at 40 °C and an agitation rate of 0.3 m/s
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Fig. 8 Measured (a) temperature-time curve and (b)calculated cooling rate at the sample center during immersion cooling of a Ck 45 probe
in crude expelled soybean oil at 40 °C and an agitation rate of 0.3 m/s
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Fig. 9 Measured (a) temperature-time curve and (b)calculated cooling rate at the sample center during immersion cooling of a Ck 45 probe
in mineral oil at 40 °C and an agitation rate of 0.3 m/s
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During immersion cooling in vegetable oils, the three peri- 4, Cooling Curve Analysis

ods of heat transfer, with strongly varying heat transfer coeffi-

cients, are simultaneously present on the sample surface fora 10 performance of three different hardening oils, partially
signifi.cant period .of time (see Eig. 5). The Wettin'g process is hydrogenated winterized, crude expelled soybean oil, and a
described by the time when wetting stagsand the time when  g¢504ard mineral oil, are compared by a cooling curve analysis.
wetting is finishedt;, as shown in Fig. 6. In this case, the C00l- The resultant cooling curves show different cooling charac-
ing of the sample is primarily affected by the time interval of (eyistics at the same cooling conditions. The tested material is
wetting,t,, (time interval of simultaneous presence of film boil- ¢k 45 with an initial temperature of 850 °C. The bath tempera-
ing and nucleate boilind,, = (t; —t)). As a result, the cooling  yre is 40 °C with an agitation rate of 0.3 m/s. The recorded tem-
and therefore, the microstructure and surface hardness eXhibiberature-time curve atthe sample center is primarily influenced
large local variations. by the rewetting process on the sample surface (see Fig. 7, 8,
and 9). The cooling rates increase after the wetting front passes

Part. Hydrogen. Winterized Soybean Qil
Crude Expelled Soybean Qil
Mineral Qil

the thermocouple location and the vapor film phase changes to
nucleate boiling phase. Figure 10 shows the maximum cooling
rates of the three tested quenchants. The differences between
the tested products are within 15%. The values of cooling rates

decrease with increasing cooling time. At a center temperature
of 300 °C, the cooling rate of the two soybean oils has similar
a0 values (9.4 to 11.9 K/s). These values are distinguished from
the corresponding value of the mineral oil of ~8.05 to 18.7 K/s

31 X . S .
>3 values of mineral oil. The significant differences between the
%70 tested products are visible (Fig. 11). Figure 12 shows the cool-
£60. ing time to achieve a desired sample temperature of 600, 400,
& and 200 °C.
£50-
=]
£40-
Q « . .
230 5. Surface Hardness Distribution
201
Figures 13 to 15 show the hardness distribution on the sam-
104 ple surface in a lateral direction for a steel specimen made of Ck
0- 45 (AISI 1040) quenched in two different soybean oils and in

mineral hardening oil. Between the two soybean oils only small

Fig. 10 Maximum cooling rate in the sample center during im- . - R d
differences in the hardness distribution can be seen. This effect

mersion cooling in different hardening oils at 40 °C and an agita-
tion rate of 0.3 m/s. Tested material: Ck 45

~/r Part. Hydrogen. Winterized Soybean Qil
—O- Crude Expelled Soybean Qil

Part. Hydrogen. Winterized Soybean Qil

N Crude Expelled Soybean Oil =~ Mineral Oil
Mineral Qil 35

25 30
20 7
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Fig. 11 Cooling rate in the sample center at 300 °C during im-
mersion cooling in different hardening oils at 40 °C and an agita-
tion rate of 0.3 m/s. Tested material: Ck 45

Fig. 12 Times to cooling down from 850 °C to 600, 400, and
200 °C at the sample center during immersion cooling in differ-
ent hardening oils at 40 °C and an agitation rate of 0.3 m/s.
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is caused by the low variations in wetting process on the sur-steel probes (Ck 45) were used. This shows simultaneously the
faces of the sample during the immersion cooling process. Themetallurgical transformation in martensite, local differences,
rewetting begins at the lower sample end, and the wetting frontand dependencies on the rewetting time (and additionally de-
arises in an upward direction. A short time later a second wet-pendencies on the metallurgical steel condition).
ting front starts from the upper end face. This fact results in ~ Cooling curve analyses showed that immersion quenching
higher hardness values on both sample ends (see the hardne#&s primarily influenced by the sequence of the cooling phases
diagrams for both vegetable oils in Fig. 13 and 14). The max- and different heat transfer rates. Heat transfer on the specimen
ima of the lateral hardness values are caused by the brevity opurface was primarily determined by the rewetting conditions
the wetting time (depending on the points of the beginning of @ahd depended on the cooling characteristic of the quenching
the rewetting process). Near the middle of the sample length thenedium used, bath temperatures, and agitation rates.
hardness values decrease to a minimum because of the length The two soybean oils investigated showed no significant
of the film boiling phase at this position (compare with Fig. 6). differences in cooling behavior. j’he rewetting cpnphhons on
The two tested soybean oils show good reproducibility in their ("€ Sample surface and the cooling rates were similar. A com-
final hardness distribution. parison of the time-temperature curve and cooling rate of min-
The tested mineral oil shows only small differences in hard-
ness distribution compared to the two vegetable oils because 0 800 . T ' . k ‘
almost the same rewetting process on the surface of the spec Crude Expelled Soybean Oil
men. The maximum hardness occurs at the lower end of the '
probe. That means that no stable film boiling phase is presen’ ggo
on the surface of the sample for a significant time.

v 500
6. Conclusions 7 400
£ 300

In this study, a standard mineral oil, which has been in in-

=

200

dustrial use for many years, and two new biodegradable vege:
table oils were evaluated. The vegetable oils were partially
hydrogenated and winterized and crude expelled soybean oils
The tests were performed according to a modified ISO 9950 0

testing procedure using an agitation of 0.3 m/s and an austenitic 0 5 10 15 20 25 30 35 40 45
steel probe made from X 6 CrNi 18 10 alloy instead of IN- dist f he |
CONEL 600. The use of an austenitic steel shows a lot of ad- Istance from the lower end z [mm]

vantages for a multiple useful quenching probe (Ref 19). The i 14 Hardness distribution on the sample surface in lateral
operation with agitation corresponded to the industrial use of direction as result of an immersion cooling process of Ck 45
these quenching media. Because of the strong influence of the (AISI 1045) material in crude expelled soybean oil with 40 °C
surface of the specimen on the wetting behavior (and therefore and 0.3 m/s agitation rate

on the quenching behavior), additional unalloyed hardenable

800 T Ll i 1 1 80G " ' ! »
Partially Hydrogenated oo Mineral Oil
7004-. . .. . .
Winterized Soybean Oil
600 600
[Ir]
» 500 s 50
T 10 5 400
g g
£ 300 S 300
5 5
2 200 200
100 100
0 0.
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
distance from the lower end z [mm] distance from the lower end z [mm]
Fig. 13 Hardness distribution on the sample surface in lateral Fig. 15 Hardness distribution on the sample surface in lateral
direction as result of an immersion cooling process of Ck 45 direction as result of an immersion cooling process of Ck 45
(AISI 1045) material in partially hydrogenated winterized soy- (AISI 1045) material in mineral oil with 40 °C and 0.3 m/s agita-
bean oil with 40 °C and 0.3 m/s agitation rate tion rate
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eral oil and vegetable oil were within tolerable limits. The cool- 9.

ing characteristics of vegetable oils was faster than that of the
mineral oil used. The tests were conducted under laboratory

conditions, and therefore no statement can be made abouiO.

longterm stability.
In this study, the potential of the use of vegetable oils as al-

ternatives to mineral oils was established for industrial heat11-

treating processes. Further research is necessary to charac-
terize a number of different vegetable oils such as canola and

rapseed oils under the described modified standard coolinglz'

conditions. In addition, further work is necessary to evaluate
comparative oxidation stability, sludge and stain forming ten-
dency, and flash point stability.
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