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In the paper a new direction in decreasing distortion of steel parts during quenching in liquid mediais
considered. Its essence consists in creation of thin insulating surface layer during quenching in low
concentration of inverse solubility polymers. Simplified calculations of initial heat flux densities, to be
compared with the first critical heat flux densities, are provided. Condition for absence of loca film
boiling is discussed. Accelerated cooling process during hardening should be interrupted prior local
insulating layer during batch quenching is dissolved. Such technological process decreases significantly
distortion of steel parts during hardening.
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INTRODUCTION

It was noticed by investigators that film boiling is absent
during quenching in vegetable oils even in still condition (see
Fig. 1, curve 1). During quenching in minera oils film boiling
is clearly seen (see Fig. 1, curve 2). However, after severe
agitation of mineral oil film boiling was not observed during
guenching (Grabov, 2012; Kaobasko, 2010). Many hypotheses
were proposed to explain such behavior. After numerous of
experimental investigations, only one hypothesis was left
which explains absence of film boiling by creation of thin
insulating layer on the surface of steel parts that reduces initial
heat flux density and drops it below the critical one (Kobasko,
2012; Lohvynenko, 2016). As known, inverse solubility
polymers dissolved in cold water are excellent solution to
create surface polymeric layers. Until now, inverse solubility
polymers are used in heat treating industry as the quenchants
which contain 10%, 20%, and 35% polymer in water. Author
of this paper suggests using low concentration of water
polymer solution of inverse solubility to create surface
polymeric layers on the surface of steel parts and by this way
govern effectively hardening processes. The regular thermal
condition theory is used for investigation effect of insulating
layerson initial heat flux densities and cooling rate of steel
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parts during quenching (Lykov, 1967; Kondratjev, 1957 and
Kobasko, 2010). It is shown that quenching processes can be
governed by comparing initial heat flux densities with the
critical heat flux densities and correction of thickness of
insulating layer. Detail consideration of such technological
processes is provided below.

Critical heat flux densities

As known, frequency of vapor bubble departing and their
diameters don’t depend on heat flux density. According to
Tolubinsky, average departing diameter of bubble for water is
2.5 mm and frequency is 120 departs per second. The higher
the heat flux density, the higher number of active bubbles on a
unit of heated surfaceis. At high heat flux density the situation
appear, when no more room on the heated surface for bubbles
isleft. At this point bubbles start to stick to each other creating
vapor film which separates from metalic surface. This heat

flux is caled the first critical heat flux density O, (

Kutateladze, 1963; Tolubinsky, 1980). During cooling heat
flux decreases and film vapor destroys and transient nucleate
boiling starts again. The last heat flux is called the second
critical heat flux density, q ,. A ratioq /q,,=0.2 isthe

same for al liquid media. Critical heat flux densities are
specific characteristic of a liquid which depend on its thermal
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and physical properties. Thefirst critical heat flux densities for
oils and water are provided in Table 1.

Table 1. Thefirst critical heat flux densitiesin MW / m? versus
temperature (°C) of cilsand water.

Liquid T-re, °C

20 40 60 80 100
OilsNZM-120 13 15 175 1.9 2
MS 175 19 22 235 240
MZM-16 25 28 30 33 34
Water 590 472 357 240 127
Water 550 440 33 225 1185
: .
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Fig. 1. Cooling rate curves without presence of film boiling
process (1) and with the developed film boiling (2) versustime

Critical heat flux densities are used to see whether film boiling
during quenching in liquid medium exists or not exists. To be
more specific, let’s see what is happening during quenching of
standard Inconel 600 probe 125 mm in diameter and
Liscic/Petrofer probe 50 mm in diameter during quenching in
mineral oil and water polymer solutions of UCON A
(www.astm.org; www.astm.org and Liscic, 2016).

Table 2. Thermal properties (diffusivity and conductivity) of
Inconel 600 and stainlesssteel depending on temperature, °C.

Temperature, Inconel 600 Stainless steel AlS| 304
°C ax10°,m?/s | W/MK  ax10®,m?/s | ,W/mK
100 37 142 455 175
200 41 16 4.63 18
250 43 16.9 4.66 18.8
300 45 17.8 47 19.6
400 48 19.7 4.95 21
500 51 21.7 534 23
600 54 237 5.65 24.8
700 5.6 259 5.83 26.3
800 58 26.3 6.19 27.8
900 6.0 28 6.55 29.3

Table 3. Kondratjev numbersKn for Amolite 22 mineral oil at
90°C with agitation 0.5 m/s ver sus diameter of cylindrical
specimens made of AlSI 4140 steel

Probe diameter, mm Kn Kn
700°C 340°C 205°C

125 0.167 0.185 0.151 0.17
0.071 0.037 0.025

254 0.216 0.245 0.211 0.23
0.210 0.268 0.211

38.1 0.370 0.310 0.273 0.31
0.373 0.290 0.267

50.8 0.392 0.305 0.278 0.32

0.378 0.305 0.266

Table4. Kondratjev numbersKn for 20% water solution of
UCON A at 43°C with agitation 0.5 m/s ver sus diameter of
cylindrical specimens made of AlS| 4140 stedl

Probe diameter, mm Kn Kn
700°C  340°C 205°C

125 0.301 0.347 0.265 0.32
0.326 0.361 0.201

25.4 0.452 0.463 0.351 0.42
0.443 0.449 0.378

38.1 0.497 0.474 0.419 0.46
0.490 0.471 0.215

50.8 0.509 0.480 0.470 0.48
0.509 0.462 0.441

Initial heat flux density can be approximately evaluated by Eq.
(1) (Kobasko et al., 2012) when no insulating surface layer:

| Kn /=
g=fKNE o) (1)
And Eq. (2) when insulating surface layer exists [3]:
| Kn
= L e 2

(1+2d'jR(T_‘T”’)'

coat

For a plate, a cylinder, and a sphere, the coefficient K, is
equal to 2.47, 2.89, and 3.23 respectively. Let’s assume that
standard Inconel 600 probe is quenched from 850°C in mineral
oil at 20°C and 60°C. According to Eq. (1), initial heat flux
densities are:

_ 2.89x 23N/ mK x 0'17(850’(3— ZO)C) —1.50N/n?,
0.00625n

_ 289 23N/ mKx 0.17(850, c_ 60’C) —1.429WInT.
0.0062%5n

Comparing obtained data with Table 1, one can say that film
boiling is observed during quenching of standard Inconel 600
probe in MZM -120 oil at 20°C and no film boiling during
guenching in hot minera oils. Initial heat flux density for
Liscic/Petrofer probe is ailmost four times less and it means
that probability of film boiling formation during quenching in
oils decreases to zero.

_ 2.89x 23N/ mK x0.32
0.050m

(850°C—20°C) = 0.353MW/ n??,

_ 289x 23N/ mKx0.17

(B50C—60°C) = 0.338MW/ Nt
0.00625n

Similar analysis can be performed for plain water. Inconel 600
probe creates minimum heat flux:

| 2.89% 23W/mK x1
0.00625m

(850°C —100°C) = 7.97MW /1

And Liscic/Petrofer probe creates minimum heat flux
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_ 2.89%x23W /mK x1
0.025m

During quenching in cold water, standard Inconel 600 probe
aways produces developed film boiling because initial heat
flux density significantly exceeds the first critical heat flux
density (see Table 1). During quenching in cold water,
Liscic/Petrofer probe can produce developed film boiling too
because water around the probe is heated almost to 100°C due
to large mass of probe. So, initial heat flux density taking
place during quenching in water Liscic/Petrofer probe Liscic,
(2016), Should be compared with the -data which are true for
100°C or little bit less (see Table 1). In this condition local
film boiling can be formed on the surface of probe which is a
reason for big distortion after quenching.

(850°C —100°C) = 2MW / m?.

A role of insulating layer in film boiling elimination

During quenching in water polymer solutions of inverse
solubility, a polymer layer on the surface of steel parts is
formed. The thermal conductivity of this layer is more than
100 times less as compared with thermal conductivity of steel.
As known, thermal conductivity of polymeric insulating layer
is 0.22 W/mK. Assume that thickness of insulating layer is

25micron or 25x107°m. Due to presence of insulating layer,
the initial heat flux density decreases. When quenching
standard probe in oil, initial heat flux density is

q:
[1+2

When quenching standard probe in cold water polymer
solution of inverse solubility (approximately 1%), initial heat
flux density is

q:
(1+2

that is less than 5.50 MW/m? for water at 20°C.

2.89x 23N/ mK x 0.17
25x10°m 23N /mK
6.25x10°m  0.22W/mK

]x 6.25x10°m

2.89x 23W /mK x1
25x10°m BNV /mK
6.25x10°m  0.22W /mK

jx 0.00625m

Cooling intensity of PAG polymers was evaluated using
generalized equation for cooling rate calculation [6, 7]:

z

A

X

Fig. 2. A spur gear made of AlSI 8620 steel which should be
car burized and quenched

(850°C —100°C) = 4.34MW / m?

Peculiarities of
configuration

hardening sted parts of complex

During hardening steel parts of complex configuration, like
gears (see Fig. 2), probability of film boiling, especially local
film bailing, is the most higher. Impact of local film boiling on
distortion and residua stresses after batch quenching was
investigated by DANTE software, which allows receiving also
metallurgical data like amount of martensite, bainite, etc. For
computer FEM modeling a gear, shown in Fig. 2, was used.
The maximum outer diameter of the spur gear shown in Fig. 2
is 63.5 mm. The gear has 28 teeth and has a common
configuration that is often used in machine building. The local
film boiling appears between teeth of a gear creating a big
distortion. Authors (2012) reported on dubble distortrion
caused by non — uniform martensitic transformation. Liquid
between teeth of gear is rapidly heated amost to boiling point
that decreases the first critical heatv flux density of water and
as a result local film boiling takes place. As a result, duble
distortion takes place. It means that the left tooth 1 (see Fig. 3)
bends during quenching to the right side and the right tooth 2
bends to the left side because of delayed martensitic
transformation between two teeth due to local film boiling.
When quenching gear in oil, overheating a liquid between
teeth increases the first critical heat flux density (see Table 1).
Probability of local film boiling during quenching in ail is very
low. However, gears can be quenched in water solutions of
inverse solubility polymers which create surface insutating

(850°C — 20°C) = 0.816MW/ 7 layer that decreases initial heat flux preventing presence of

film boiling.
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Fig. 3. Total displacement between tooth 1 and tooth 2 wherefilm
boiling took place (Source: Kabasko, N.I., Aronov, M .A.,
Ferguson,B.L., Li, Z., MPC, Voal. 1, No. 1, 2012, page 336)

When performing intensive quenching, three methods should
be taken into account:

e Use small amounts of additives, which create insulating
surface layer and destroy completely local film boiling.

e Use an optima concentration of water-salt solution,
which provides maximal critical heat flux density.

e Increase the boiling point of aliquid to delay martensite
transformation during nucleate boiling process.
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Note that insulating layer increases temperature of metallic
surface during quenching due to establishing large temperature
gradient in insulating layer and small temperature gradient
through section of metal. This means that transformation from
austenite to martensite during nucleate boiling process can be
delayed, especially when quenching high carbon steels. Their
cooling rate is calculated as:

v=@(T -T.) ()
K

akKn

1:29 1k
Rl coat

Here V iscooling rate in °C/s; ais average thermal diffusivity
of amateria in m?/s; Kn is dimensionless Kondratjev number;
K is Konratjev form factor in m? (Kobasko, et. al., 2012). T is
current temperature in °C; T,, is temperature of quenchant in
°C.. Dimensionless number Kn changes within 0 and 1 when
heat transfer coefficient or generalized Biot number changes
from O to infinity (Kondratjev, 1957).

(T-T,) (4

V= m

Tableb5. Corecooling rate at different temperatures of cylindrical
specimen 12.5 mm in diameter made of AlSI 4140 steel when
quenching in Amolite 22 ail at 90°C, 20% UCON A water
polymer solution and low concentration (= 1% ) of UCON A at

40°C
Liquid Cooling °C/s  Rate,
700°C  500°C 400°C 300°C
Amolite 22 il at 90°C 125 53 38 24
20% UCON A at 43°C 152 93 66 43
1% UCON A at 43°C 270 165 116 73

Small concentration of inverse solubility polymer creates very
thin surface layer that cannot radically decrease cooling rate of
steel parts, however can change radically situation by
decreasing initial heat flux density and such a way can drop it
below the first critical heat flux density. In this case, instead of
film boiling (300-500 W/m?K) will be nucleate boiling
process with real HTC 200,000 W/m?K  that provides uniform
and intensive cooling. As known, intensification of cooling
doesn’t affect distortion (Kobasko, et. al. 2010) if quenchingis
uniform. Investigation of effect of insulating layers on
intensity of cooling is a new direction in heat treating industry
since it makes processes cheaper, more effective and very
simple for implementation. However, prior to be widely used
in the practice, additional investigations should be performed
concerning kinetics of creation and dissolving polymeric
surface layers during quenching. Also, thermal properties of
polymeric surface layers should be carefully investigated
versus temperature and variation of thickness of insulating
layers on the surface of steel parts during quenching should be
known.

Interrupted intensive quenching process

During immersion of heated to 850°C stedl part into cold
liquid, overheated layer is formed first and surface temperature
of part drops amost to the temperature of overheated layer.
Assume that during this short time regular thermal condition is
aready established and average volume temperature is equa

to initial temperature T,. In this case the initial heat flux is
calculated approximately by Eq. (1). Table 6 shows initial heat
flux density versus diameter of cylinders.

Table6. Initial heat flux density vs. diameter of cylinder when
gquenching in cold water

Diameter, mm 125 20 30 40 50
Heat flux, MW/m? 796 498 332 249 2

As seen from Table 6, during quenching cylinders of 12.5 mm
in diameter in cold water, developed film boiling takes place
because initial heat flux density prevails critical heat flux
density (see Table 1). During quenching cylindrical specimens
50 mm in diameter, high probability of film boiling or local
film boiling exists because bath temperature is overheated due
to large mass of 50 mm cylinder. Overheating of water can
reduce critical heat flux density to 1.2 MW/m? that is less than
2 MW/m? (see Table 1 and Table 6).

Table 7. Kondratjev form factorsK in m? for
gear and shaft

K, m?

73x10°n?

171x10°m?

L s

This situation results in big distortion of steel parts. To prevent
any film boiling, appropriate agitation of bath should be
organized and insulating surface layer should be provided.
Along with the effect of local film boiling on increasing

distortion, interruption of cooling has a big effect too. The
reason is loca  dissolving of polymeric layer below
temperature  74°C  during convection. To prevent local

dissolving of polymeric layer, one should interrupt cooling
when core temperature is 400°C — 500°C. Time interruption is
calculated by Eq. (5):

= B, [ To=Ta || K (5)
2095+3.867Bi, | T-T.)|aKn

For example, gear shown in Table 7, should be cooled in 20%
water polymer solution of UCON A at 43°C no more than

o _ o -6 2
t:{0.36+ln(850 C-43 cﬂ 73x10°m

500°C — 43°C ) |5.4m? /sx0.37

Shaft (see Table 7) should be cooled in 20% water polymer
solution of UCON A at 43°C no more than

=87sec

850°C —43°C || 171x10°m?
t ={0.48+In
400°C —43°C | |5.4m? [ sx 0.47
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All initial datafor calculations were taken from Table 1, Table
2, Table 7 and Fig. 4.

Kn

0.6

05

04 /
/

== UCON A

0.2 /

01

1] T
Q 10 20 30 40 50

D, mm

Fig. 4. Effective Kondrtajev numbersKn for oil Amalite 22 at
90°C and UCON A at 43° versus diameter of cylinders

Similar calculations can be fulfilled for oil and low water
polymer concentration.

DISCUSSION

Inverse solubility polymers are excellent solutions used as the
gquenchants in heat treating industry. However, industry
doesn’t use 100% of their possibilities. The proposed approach
on governing thickness of insulating layer opens several new
ways in strengthening materials by heat treating processes.
However, to make success, further investigations on
mechanism formation of insulating layer, its therma and
physical properties are needed. It can be done by use thermal,
video and sonar systems technique. Also, initial heat flux
densities should be evaluated using solutions of hyperbolic
heat conductivity equation (Buikis, 2009; Bobinska, 2010).
Since quenching in water solution of low concentration
polymers  provides accelerated cooling process, surface
residual stresses should be measured to be sure that they are
compressive (Rath, 2009; Rath, 2010; Zoch, 2014). Interrupted
cooling, along with decreasing distortion, can provide very
fine bainitic microstructure at the core of steel parts that
significantly increases their service life (Bhadeshia, 2015).
There are many achievements in the field of heat treatment
and there is experience accumulated during practical use of
inverse solubility water polymers (Totten, 1993; Xie; 2004;
Totten, 2007). However, low concentration of water polymer
solutions of inverse solubility was not investigated in respect
to forming surface insulating layers to increase quality of steel
parts after quenching. The paper discusses such original
approach. Optimizing thickness of surface insulating layer is a
new way for decreasing distortion of steel parts after
guenching, increasing significantly their service life and
reduce cost of technological processes.

Conclusions

e A method for elimination any film boiling during
guenching in liquid media is proposed. It consists in
creation a micro insulating layer on the surface of steel
parts which reduces initial heat flux density and dropsiit
below the first critical heat flux density that prevents
any film boiling. Procedure is based on use inverse
solubility polymers of optimal concentration in water or

special additives which create insulating surface micro
layer.

e A smplified method of calculation initial heat flux
densities depending on thickness and thermal
conductivity of insulating layer is considered.

e During batch quenching in liquid media, for example
gears, coolant can be heated locally to its boiling point
and create local film boiling. To prevent it, initial heat
flux density should be less than the first critical density
at boiling point of liquid.

e Alocal film boiling is a main reason for a big distortion
taking place during quenching that is why elimination
of the local film boiling minimizes distortion of steel
parts after hardening.

e During batch quenching, insulating polymeric surface
layer can be locally dissolved in convection zone and
result in big distortion too. To reduce significantly
distortion during quenching, cooling should be
interrupted before insulating layer is dissolved.

e Thermal and physical properties of insulating layer,
thickness variation during quenching should be
carefully investigated in the nearest future.

e Insulating polymeric layer increases surface
temperature of steel parts and can maintain it at the
level of martensite start temperature that creates a basis
for performing austempering processesin cold liquids.

e Absence of film boiling during quenching the standard
Inconel 600 probe in still vegetable ails, in still mineral
oil being previoudly vigorously agitated or processed by
DPIE method, is explained by creation insulating layer
which drops initial heat flux density below the first
critical heat flux density that prevents any film boiling.

REFERENCES

ASTM D6200-01, Standard Test Method for Determination of
Cooling Characteristics of Quench Qils by Cooling Curve
Analysis, ASTM International, West Conshohocken, PA,
2012, www.astm.org

ASTM D6482-06, Standard Test Method for Determination of
Cooling Characteristics of Aqueous Polymer Quenchants
by Cooling Curve Analysis With  Agitation (Tens
Method), ASTM International, West Conshohocken, PA,
2011, www.astm.org .

Bhadeshia, H. K. D. H. 2015. Bainite in Steels. Theory and
Practice (3rd edition), Money Publishing, 616.

Bobinska, T., Buike, M., Buikis, A. 2010. Hyperbolic heat
equation as mathematical model of steel quenching of L-
shape samples. Proc. of the 5th IASME/WSEAS Int. Conf.
on Continuum Mechanics, Fluids, Heat, Cambridge, UK,
WSEAS Press 21-26.

Buikis, A. 2009. Some new models and their solutions

intensive steel for quenching. Abstracts of MMA
Daugavpils, Latvia, May 27 — 30.
Grabov, L.N., Moskalenko, A.A., Lohvynenko, P.N.,

Kobasko, N.I., 2012. The DPIE system improves cooling
intensity of canola oil to be used as a quenchant, In a Book
“Recent Researches in Communication and Computers”,
S.Sendra, J.C. Metrolho (Eds.), WSEAS Press, Athens, pp.
490 - 494. |SBN: 978-1-61804-109-8, www.wseas.org

Kobasko, N.I., 1980. Steel Quenching in Liquid Media Under
Pressure, Naukova Dumka, Kyiv, 206 pages.

Kobasko, N.I., 2012. Real and Effective Heat Transfer
Coefficients (HTCs) Used for Computer Simulation of



5304 Asian Journal of Science and Technology Vol. 08, | ssue, 08, pp.5299-5304, August, 2017

Transient  Nucleate  Boiling  Processes  During
Quenching, Materials Performance and Characterization,
Vol. 1, No 1, 1-20. doi: 10.1520/M PC104656, | SSN: 2165-
3992.

Kobasko, N.I., Aronov, M.A., Ferguson, B.L., Li, Z., 2012.
Local film boiling and itsimpact on distortion of spur gears
during batch quenching, Materials Performance and
Characterization, Vol. 1, No 1, 1 -15. doi: 10.1520/MPC10

Kobasko, N.I., Aronov, M.A., Powell, JA. and Totten, G.E.
2010. Intensive Quenching Systems: Engineering and
Design, ASTM International, West Conshohocken, 252
pages.

Kobasko, N.I., Souza, E.C., Cande, L.C.F., Totten, G.E,
2010. Vegetable Oil Quenchants: Calculation and
Comparison of Cooling Properties of a Series Vegetable
Qils, Journal of Mechanical Engineering, Vol. 56, No.2,
pp. 131 - 142.

Kondratjev, G.M. 1957. Thermal Measurements, Mashgiz,
M oscow.

Kutateladze, S.S. 1963. Fundamentals of Heat Transfer,
Academic Press, New Y ork.

Liscic, B., “Measurement and Recording of Quenching
Intensity in Workshop Conditions Based on Temperature
Gradients,” Materials Performance and Characterization,
Val. 5, No. 1, 2016, Pp. 202-219,
doi:10.1520/MPC20160007. ISSN 2165-3992.

Lohvynenko P.N., Moskalenko A.A., Kobasko N.I., Karsim
L.O., Riabov S.V. 2016. Experimental Investigation of

Effect of Polyisobutilene Additives to Mineral Qil on
Cooling Characteristics. Materials Performance and
Characterization, 5(1), 1-13.

Lykov, A. V. 1967. Teoriya Teploprovodnosti (Theory of
HeatConductivity), Vysshaya Shkola, Moscow, 596 pages.

Rath, J., Luebben, Th., Hoffman, F., Zoch, H.-W. (2010).
Generation of compressive residualstresses by high speed
water quenching. International Heat Treatment and Surface
Engineering, 4 (4), 156~ 159. doi: 10.1179/
174951410x12851626812970

Rath, J., Luebben, Th., Hunkel, M., Hoffman, F., Zoch, H.-W.
2009. Basic researches  generation of compressive stresses
by high speed quenching, HTM J. Heat Treatm.Mat., 64
(6), 338-350.

Tolubinsky, V. I., 1980. Heat Transfer at Boiling, Naukova
Dumka, Kyiv, 315.

Totten, G. E. (Ed.) 2007. Steel Heat Treatment Handbook.
2nd Edition. New York: CRC Press, 713.

Totten, G. E,, Bates, C. E., Clinton, M. A. 1993. Handbook of
Quenchants and Quenching Technology. Materials Park,
Ohio: ASM International, 507.

Xie, L., Funatani, K., Totten, G. (Eds.) 2004. Handbook of
Metallurgical Process Design. Materials Engineering. New
York: Marcel Dekker, 966. doi: 10.1201/9780203970928

Zoch, H.,-W., Schneider, R., and Luebben, Th., Eds. 2014.
Proc, of European Conference on Heat Treatment and 21st
IFHTSE Congress, May 12, Munich, Germany.

kkkkkk*k



