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Ilokazano, mo Ha mOpoTUBAry IoO-
BEpXHEBO-akTUBHUM pedoBuHaMm (ITAP),
3MIHIOIOUHX CYTTEBO (Pi3UUHI BIACTHBOCTI
piavHu, JIKBiAAlis MapoBOI IUTIBKK MPH
rapTyBaHHI BiJIOYBA€ThCSl 3aBISKH YTBO-
PEHHIO TEIUIOI3OJAIIIHOTO TOKPHUTTS Ha
noBepxHi Metany. Lle nocsiraetbest BUKO-
PHUCTaHHSAM BOJAHUX PO3YMHIB CHELiaIbHUX
monimMepiB. Terumoi3onsmiitHe mMoIiMepHe
MOKPUTTS 3MEHIIY€ IIOYaTKOBUM TEIJIOBUM
MOTIK HYDKYE HOTO KPUTHYHOTO 3HAYCHHS,
JKBIAYIOUM TapoOBy IUTIBKY Oe3 CyTTeBOi
3MiHM (i3UYHKX BiIacTHBOCTEH pinunu. ba-
3yIOYHCH Ha [bOMY (aKTi Ta IPUHLMIT 3HU-
JKeHHsI AedopMariiif, TpilMHOyTBOPEHHS i
3MII[HEHHsI Marepiany TIpH IHTEHCUBHOMY
rapTyBaHHi, 3allpOIIOHOBAHO BHKOPHCTO-
ByBaTH HH3BbKI KOHIIEHTpAIlil IOJIiMepiB
3aMiCcTh 1X BHCOKHX KOHIeHTpamid. lle
MIPU3BOJMUTH JIO 3HAYHOTO 3MIIIHEHHS Me-
TaJy, eKOHOMII MarepiaiiB Ta 3pOCTaHHIO
JIOBTOBIYHOCTI 3arapTOBaHUX BHPOOIB.

Ref. 15, Table 3, Fig. 7.
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ITokazaHo, 4TO B OTIIMYHE OT IIOBEPX-
HOCTHO-akTHBHBIX BeuiecTB (IIAB), n3me-
HSIOIUX (PU3HIECKUE CBOMCTBA KHUIKOCTH,
yCTpaHEHUE MapOBOH MJIEHKU JOCTHIAETCS
00pa30BaHUEM TOHKOTO MOJUMEPHOTO I10-
KPBITHS Ha TIOBEPXHOCTH MeTauia. JTO
OCYIIECTBIIAETCS UCIOIB30BAHUEM BOIHBIX
PacTBOPOB CHELHMANbHBIX MoauMepoB. Ilo-
KPBITHE yMEHBIIAEeT Ha4daJbHBIA TEIIo-
BOW IIOTOK HIJKE KPUTHUYECKOIO 3HAYCHHS
U TEM CaMbIM YCTPaHSAET MapoBYIO IUICHKY,
HE OKa3bIBasi 3aMETHOTO BIWSHHS Ha (Gu3n-
yecKHe CBOicTBa KUIKOCTH. OCHOBBIBAsICH
Ha 3TOM (aKTe U MPUHIKIE CHUKEHHS Jie-
(opmanuii, ycTpaHeHHs TPEUIMH U CyIIe-
CTBEHHOTO YIPOYHEHHUS CTAJIM MHTCHCHUB-
HOM 3aKaJIKoH, NMPeIoKeHO UCIONIb30BaTh
HHU3KHE KOHICHTPAIMH PA3HBIX TTOJIMMEPOB
BMECTO MX BBICOKHX KOHLEHTpaLUi. DTO
MPUBOJUT K CYILIECTBEHHOMY YIPOYHEHUIO
MeTajula, SKOHOMUH MaTepHaJioB U yBEIH-
YEHUIO JOJTOBEYHOCTH pabOThl 3aKajeH-
HBIX U3JeNuil.

It is shown that in contrast to well
known surface active additives (SAA),
affecting physical properties of a liquid,
the elimination of film boiling during
quenching is achieved by creation of the
thin polymeric layer on the surface of
hardened metal. It is performed by using
special polymers of optimal concentration
in water. The obtained insulating polyme-
ric layer decreases initial heat flux density
below its critical value and by this way
eliminates completely the film boiling
without affecting clearly the physical
properties of a liquid. Based on this
fact and on the principle of decreasing
distortion, quench crack formation, and
increasing strength of material during
intensive quenching, it is proposed to use
low concentration of special polymers
instead of their high concentration in
water. All of this results in significant
strengthening of metal, saves costly
materials, and increases service life of
hardened products.

Keywords: 1Q process, new direction, low convention, special polymers, film boiling elimination, distortion, strength, service

life.

g, — initial heat flux density, MW/m?*;
q — reduced heat flux density, MW/m?;
O — thickness of insulating layer, m;

A — thermal conductivity of steel, W/mK;

D — thickness or diameter, m;

a — thermal diffusivity of steel, m?/s;

V — cooling rate, °C/s;

Kn — dimensionless Kondrat’ev number;

... — thermal conductivity of an insulating layer (coating), K — Kondrat’ev form factor, m?
W/mK; T —bath temperature, °C ;
k,, — form coefficient; T — current temperature, °C;

R —radius, m;

Introduction

7, — duration of transient nucleate boiling process, s.

The bell — shaped curve (see Fig. 1) was discovered
by authors [1] in 1964. It says that distortion and quench
crack formation of steel parts is minimal when performing
very slow cooling or extremely high cooling during
quenching. Cooling rate of any steel part is a linear function

of dimensionless number Kn which changes within 0 and
I, i.e. 0 < Kn < 1. As a rule, alloy and high alloy steels
are quenched slowly in oils or air flow to receive minimal
distortion and avoid crack formation. However, slow cooling
in zone [ (0 < Kn < 0.2) requires more alloy elements in
steel to provide needed hardened depth and in many cases
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results in creation of surface tensile stresses. Temperature
gradient through section of steel part in zone I is small that
decreases probability of quench crack formation. The zone
III (see Fig. 1) intensive quenching (IQ) process takes place
where temperature gradients and cooling rate are maximal.
When Kondrat’ev number Kn=1, surface temperature
during quenching of steel parts drops immediately to
bath temperature creating maximal temperature gradient.
The zone III is called direct convection since there are no
nucleate boiling at all. Convection starts from the very
beginning of cooling. In zone III distortion is minimal, high
surface compressive stresses are formed during intensive
quenching preventing quench crack formation. Additional
strengthening (superstrengthening) of material is observed
here that all together increases significantly service life of
hardened steel parts.

A long time this principle was not adopted by industry
because customers didn’t believe in it. It cannot be — was the
answer. After painstaking experiments and many computer
simulations made in the USA, Germany and Japan this
principle was finally accepted by engineers and is currently
successfully used in heat treating industry [2 - 5]. One
of many simulations is presented in Fig. 2. As seen from
Fig.2, intensive quenching generates surface compressive
residual stresses and minimal distortion while quenching in
oil results in visible distortion and tensile surface residual
stresses in keyway shaft [6].

Based on received results of investigations, there is
a possibility to use accelerated cooling during hardening
different types of steel parts. In 1987, authors [7] forwarded
an idea on designing the accelerated cooling by means of

artificially created insulating layer on the surface of steel
parts before their hardening. In 1996 authors [8, 9] noticed
that low concentration (1%) of UCON E polymer in water
significantly intensifies process of quenching. Cooling rate
of standard silver probe 20 mm in diameter during quenching
in 1% water solution of UCON E was 674 °C/s while during
quenching in water was only 231 °C/s. Full film boiling
during quenching in water lasts for 7 seconds while in 1%
polymer solution it lasts only for 0.2 sec. However there are
no data concerning intensity of cooling of large steel parts in
1% water polymer solutions of inverse solubility. The paper
considers this issue.
Elimination of film boiling by insulating thin layer

In contrast to well know approach of elimination film
boiling process during quenching that uses surface active
additives (SAA), the problem of film boiling elimination
is successfully solved by use low concentration of inverse
solubility polymers (1%) that create thin surface insulating
layer during hardening of steel parts. Due to presence a
thin insulating layer, initial heat flux density drops below
its critical value preventing effectively any film boiling.
The decrease of initial heat flux density qo is calculated by

Eq. (1) [10]:
9o
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The new approach requires new technique for
investigating mechanismofinsulating layer formation, taking
into accounts its thickness variation and thermal properties of
insulating material. To properly investigate such processes,
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Fig. 1. Probability of quench crack formation and distortion versus Kondrat’ev number Kn.
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one should measure accurately surface temperature of the quenching of the probe, authors [8, 9] used sonar system for
probe during quenching, surface temperature of insulating careful investigation process of quenching (see Fig. 3).

layer and its thickness variation that is very complicated It should be noted that cooling intensity of inverse
task. Along with the surface temperature recording during  solubility polymers were widely investigated in former
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Fig. 2. Minimum principal residual stresses in keyway shaft after quenching in oil (a)
and after 1Q process (b) according to author [6].

Fig. 3. Thermo — sonar system for measuring cooling intensity of liquid quenchants.
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Union Carbide Corporation (USA) using different diameters
of cylindrical probes (12.7; 25.4; 38.1; 50.8 mm or 0.5; 1;
1.5 and 2 inches) instrumented with one thermocouple at the
center of the probes. Some results of these investigations one
can get from the book [2]. Investigations were performed
with concentration 5%, 10%, 20%, and 30% inverse PAG
solubility polymers in water. Similar measurement is shown
in Fig. 4 which was made by authors during quenching the
cylindrical probe 50 mm in diameter in 1% UCON E water
solution at room temperature 23°C.

To be sure that quenching in 1% water polymer solution
of UCON E was intensive enough and film boiling was

absent, cylindrical probe 50 mm in diameter, instrumented
with three thermocouples, was quenched in 14% water
solution of NaCl at 23°C. Results of experiments are
provided in Fig. 5.

Core cooling rates and core cooling curves are similar
for both experiments (see Fig. 4 and Fig. 5). Fig. 6 provides
results of simplified calculations after taking into account the
self regulated thermal process [2].

More detail information on the intensity of cooling in
low concentration of inverse solubility polymer, water salt
solution and results of simplified calculations are provided
in Table 1.
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Fig. 4. Temperature and cooling rate curves versus time during quenching 50 mm cylindrical stainless probe
in 1% water solution of UCON E at 23°C.
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Fig. 5. Temperature curves versus time during quenching 50 mm cylindrical stainless probe in 14 % water

solution of NaCl at 23°C received by experiment.
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Fig. 6. Temperature curves versus time during quenching 50 mm cylindrical stainless probe in 14 % water

solution of NaCl at 23°C received by simplified calculation proposed by author [5].

Table 1. Comparison of cooling time measurement within different temperature intervals during quenching cylindrical
probe 50 mm in diameter in water salt solution and low concentration of UCON E in water

Temperature interval

750 °C - 300 °C 750 °C - 400 °C | 750 °C —500 °C

Cooling time in sec when quenching in 14% water NaCl
solution at 23°C (Experiment)

36 24 16.3

Cooling time in sec when quenching in 14% water NaCl
solution at 23°C (Simplified calculation)

37 253 16.6

Cooling time in sec when quenching in 1% water solution
of inverse solubility polymer

35 24 17

For simplified calculation was used duration of boundary
boiling layer formation and duration of transient nucleate
boiling process which was calculated by equation (2) [5]:

D2
Tnb =0 kF - -
a

@)

The value €2 is a function of the convective Biot
number when initial temperature To is fixed at 850 °C and
bath temperature is fixed at room temperature [5].

Comparison of cooling time measurement within different
temperature intervals during quenching cylindrical probe 50
mm in diameter in 14% water salt solution of NaCl , 1%
concentration of UCON E in water at 23°C and results of
simplified calculations are shown in Table 1.

As seen from Table 1, intensity of cooling in water salt
solution and low concentration UCON E in water is almost
the same. Moreover, the surface cooling curve temperature

shows (see Fig. 5) that film boiling was completely absent
and surface temperature drops rapidly almost to boiling
point of solution and then is kept at this level for relatively
a long time. We can conclude that the same is observed on
the surface of polymeric layer. Such approach can be used
for investigation of the behavior of polymeric layers during
quenching in water polymer solutions of inverse solubility.

It makes sense to compare intensity of cooling during
quenching the cylindrical probe 50 mm in diameter in water
solutions of different concentrations. Such comparison is
provided in Table 2.

The effective Kondrat’ev numbers Kn were calculated
using universal correlation for cooling rate v determination

(see Eq. (2)):

v:aKn(T_Tm)

A3)
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Note that effective numbers Kn can be used only for
core cooling rate and core cooling time evaluation and
cannot be used for temperature fields prediction.

Similar calculations were performed for mineral oils
with and without polymer addition. As seen from Fig. 7,
the addition of PIB to mineral oil decreases or completely
eliminates full film boiling.

Video observation showed that during quenching in
mineral oils with PIB additives the polymeric coating is
formed on the surface of a probe.

To compare intensity of cooling in water salt solution
and low concentration of inverse solubility polymer with
oil quenching , similar calculations were performed for oils
which are shown in Table 3

As seen from Table 2 and Table 3, the cooling rate of
large cylindrical probe 50 mm in diameter during quenching
in water polymer solution (1%) of UCON E is 6 times larger
as compared with oil quenching.

During quenching in water polymer solutions of low
concentration accelerated and uniform cooling is provided
which should be interrupted at proper time [14]. For this
purpose the software was designed by ITL Co (see www.
itl.kiev.ua).

Discussion

The new direction of controlling cooling intensity
of liquid quenchants requires development appropriate
software and special tools for careful investigation of the

Table 2. Effective Kondrat’ev number Kn during quenching cylindrical stainless probe 50 mm in diameter in water
solutions of UCON E of different concentration and agitation 0.51 m/s

Concentration of UCON E 20% With agitation

5% With agitation 1% No agitation

Kn 0.44

0.51 0.64

Table 3. Effective Kondrat’ev number Kn during quenching of cylindrical stainless probe 50 mm in diameter in mineral

oils at 43°C
Type of oil No agitation Agitation 0.51 m/s
Houghton K 0.22 0.31
Amolite 22 0.28

10 20 30 40 50

Cooling rate’C/s

70 80 80 100 110 120 130

Temperature®C

5 10 15

20 25 30 35
Time, sec

Fig. 7. Effect of PIB (polyisobutylene polymer) concentration in mineral oil I-20A on film boiling elimination
depending on its content, wt% [11, 12, and 13]: T1 — 0 %, T2 — 0.5%; T3 — 1.0%, T4 — 1.5%, T5 — 2.0 %, T6 — 3.0 %.
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behavior of insulation layer formed during quenching on
the surface of steel parts. Authors of the current investigation
made only the first step showing benefits of thin insulating
layers. The next step should be careful investigation of
the kinetics of insulation layer formation, its thickness
variation, thermal conductivity values evolution, and possible
development of the new materials that create insulating layers
during quenching. For this purpose along with the traditional
standard probe with one thermocouple at the center, it
should be used a special probe with many thermocouples
instrumented through section [15] and directly on the surface
of the probe to receive data suitable for solving inverse
problem concerning behavior of insulating polymeric layer.
Beneficial way, along with the initial heat flux decreasing,
could be the possibility of protection metal from corrosion.
These important for the practice problems should be tackled
by investigators in the nearest future.
Summary

The essence of the new approach consists in adding a
small amount of polymer to liquid quenchants for creating
a thin polymeric insulating layer on the surface of the part
being quenched. This insulating layer reduces the initial heat
flux density from the part surface below the critical heat flux
density preventing completely the film boiling process. This
is in contrast with the known method of using surface active
materials (SAM) for affecting critical heat flux densities.
The elimination of the film boiling process can result in
a complete elimination of the double distortion effect for
machine components that takes place during quenching
parts in liquid media (for example, different kinds of gears).
Since a USA company has expressed an interest in evaluating
of the proposed approach with its further commercialization
in the States, it makes sense to pay more attention to this
method for its further appropriate development.
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[Toka3zaHo, 110 HA MPOTUBATY TOBEPXHEBO-AKTUBHUM pe-
yoBruHaM ([TAP), 3MiHIOFOUMX CYTTE€BO (Pi3UYHI BIACTUBOCTI
piavHM, TiKBimaIis IMMAapoBOi IUTIBKM NpPH TapTyBaHHI
BiOyBA€ThCA 3aBIASKA YTBOPSHHIO TEILIOi30JISIIIHOTO
HOKPUTTS. Ha TNOBEpXHi Mertany. Lle nmocsraerbcst BUKO-
PUCTaHHSM BOJHHMX PO3YMHIB CHEMialbHUX  IOJIMEpiB.
TernoizonsuiiiHe MoxiMepHe MOKPUTTS 3MEHIILYE ITOYaTKO-
BUIl TEIUIOBUH MOTIK HIKYE HOTO KPUTUYHOTO 3HAYCHHS,
JMKBIIyFOUHM TIAPOBY ILTIBKY O€3 CYTTEBOI 3MiHU (PI3UYIHUX
BJIACTUBOCTEW piauHU. basyrounch Ha oMy QakTi Ta
MPUHLUII  3HYDKEHHS JedopMalliid, TPIIIMHOYTBOPEHHS
1 3MIIIHEHHs MaTepiady NpU IHTEHCUBHOMY TapTyBaHHI,
3aIpOIIOHOBAHO BHUKOPUCTOBYBAaTM HU3bKI KOHLEHTpALl
MOJIIMEPIB 3aMiCTh IX BUCOKHMX KOHIeHTpalliil. L{e mpu3Bo-
JIUTH JIO 3HAYHOTO 3MIIIHEHHS METaly, eKOHOMIl MarepialiB
Ta 3pOCTAaHHIO JOBIOBIYHOCTI 3arapTOBaHUX BUPOOIB.

bi6m. 15, tabn. 3, puc. 7.
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