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STUDY OF THE EFFECT OF INTENSITY OF VIBRATIONS AND TEMPERATURE
ON THE COOLING CHARACTERISTICS OF QUENCHING MEDIA

Quenching technology requires the use of media with different cooling intensities and various shapes of cooling curves that
show different particularities compared to that of conventional media such as water, oil, or emulsions. The use of synthetic quench-
ing media is relatively new and also has multiple advantages such as non-flammability, safety in use and low cost. In this study, the
cooling media tested was obtained by mixing 2 wt% carboxymethyl cellulose with 2 wt% NaOH in one litter of water. Moreover,
three different temperatures (20°C, 40°C and 60°C) of the quenching media were evaluated. By dissolution in water, a synthetic
solution with low viscosity, surfactant and lubricant was obtained. Because carboxymethyl cellulose is a biodegradable organic
material, that is obtained as a by-product in the manufacture of paper, a basic substance with a preservative effect was added.
According to this study, both the variation diagram of the heat transfer coefficient and the diagram of the cooling rates, during the
cooling stages give important indications regarding the use of a liquid cooling medium for quenching.
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1. Introduction

A liquid cooling medium, which changes its state of ag-
gregation during cooling, in order to ensure the structural trans-
formation at hardening, ensures a heat exchange conditioned
by the intensity of heat transmission between the hot part and
the cooling medium. The heat transfer is governed by the heat
transfer coefficient from the metal surface to the cooling medium
which is achieved by radiation and conduction [1-4].

Evaporation of the quenching medium influences the heat
transfer at high temperatures, mostly, in the first period of cooling.

In the case of liquid cooling media that have a vaporization
temperature lower than the surface temperature of the heat-
treated sample, four stages occur, depending on the temperature
difference between the metal surface and the cooling medium
[5-7]:

a) instantaneous cooling of the metal surface, by sudden heat-
ing of the liquid medium by approaching the part until the
vaporization temperature is reached,;

b) heating, which consists of the formation of a vapor coating
on the sample surface and which reduces the heat exchange
rate;

¢) Dboiling, which occurs by piercing the steam coating and
removing it by forming bubbles that will condense after
removal from the hot metal;

d) convection, occurs after the metal surface has a lower tem-
perature than the boiling temperature of the liquid medium.

In the first stage, the heat exchange is intense and short in
time, in the second stage, due to the formation of a gas layer,
the sample is insulated and consequently, the heat exchange is
mainly by radiation, which causes the cooling rate to decrease
significantly.

When the steam layer breaks by boiling, the heat exchange
intensifies, and the cooling rate increases. After the temperature
of the metal surface drops below the boiling point of the liquid,
the heat exchange takes place by convection and the cooling
rate decreases.

Consequently, the heat transfer coefficient between the
metal and the liquid medium varies in high and uneven ranges
(the maximum being the boiling temperature), while an important
role is played by the degree of agitation of the medium, despite
the cooling periods [5,8]. When assessing the cooling process
for hardening in the liquid medium, due to numerous influenc-
ing factors, it is not enough to take into account only the heat
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transfer coefficient, therefore, a much more complex mechanism

will influence the thermal behavior of the metal sample [9]. Ac-

cordingly, a relatively simple, experimental parameter, had to be
adopted, namely cooling rate.

The variation of the cooling coefficient (o) influences a cor-
responding variation of the different cooling rates during the
cooling stages, presenting a maximum in the area of the boiling
temperature of the medium.

Both the variation diagram of the heat transmission coef-
ficient and the cooling rates diagram, during the cooling stages
give important indications regarding the use of a liquid cool-
ing medium for quenching [10,11]. The hardening capacity of
a liquid medium in the technological process of heat treatment
of quenching, for a certain type of steel, can be confirmed only
through the hardening test (the Jominy End Quench test).

Knowing the variation of the heat transmission coefficient,
and Biot and Fourier criteria, the cooling rate and temperature
variation can be calculated at different distances from the cool-
ing contact surface.

Due to the many difficulties in using mineral oils as a me-
dium for quenching steel parts, it was necessary to find more
economical and safer solutions, therefore, synthetic cooling
media were used for quenching [12-14]. Moreover, another im-
portant parameter that can be manipulated to assure the necessary
condition for the hardening of steel parts is the agitation of the
cooling medium, which will assure an increase in the cooling
rate. The same effect can be obtained by vibrations.

The presence of vibration will influence all stages of the
cooling process:

—  during the heating period, the vibrations will break the
vapor film faster, which is beneficial because it shortens
the period when the hot part is practically isolated from
the media and the cooling takes place under the effect of
radiation through the vapor layer surrounding the part;

—  during the interval when the cooling medium boils, the
vibrations will break the large bubbles that are dangerous
for both the operator and the parts, because the cooling is
chaotic and can lead to microcracks formation. Therefore,
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the presence of vibrations will decrease the volume of bub-

bles and will increase the homogeneity of the media;

—  below the boiling temperature, the vibrations will intensify
the convection.

Moreover, the intensity of the vibration could influence the
quenching parameters, accordingly, low-frequency vibration has
a stronger effect on mixing and smoothing the bath compared
to high frequencies.

Synthetic cooling media for quenching are very diverse and
sometimes contain by-products or wastes resulting from differ-
ent industries [15]. Carboxymethyl cellulose is a cellulose gum
derivative with carboxymethyl groups (-CH2-COOH) that results
as a by-product of papermaking [16,17]. In an aqueous solution
between 1.5-3.5 wt.% with additives, it can be used as a cooling
medium. The additions of carboxyl cellulose in the quenching
media aim to improve the cooling properties differentiated
on the temperature ranges as well as to preserve the properties
ofthe media because the biological solutions degrade over time.

The aim of this study is to analyze the effect of vibrations
and NaOH additives on the modification of the cooling curves
of synthetic quenching media such as carboxymethyl cellulose
solutions dissolved in water.

2. Experimental results
2.1. Quenching media

In this study, a solution of 2 wt.% carboxymethyl cellu-
lose + 2 wt.% sodium hydroxide dissolute in water was used as
quenching media. In Fig. 1, the morphology of the carboxym-
ethyl cellulose can be observed. As can be seen, this addition
consists of fibers with different thicknesses.

The experiments were conducted in three different condi-
tions:

— at temperature (T) of 20°C, without vibrations medium or
with vibrations at three different frequencies (55 Hz, 110 Hz
and 380 Hz);
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Fig. 1. Carboxymethyl cellulose microstructure: a) high thickness fibers; b) fine and high thickness fibers



— at a temperature of 40°C, without vibrations medium or
with vibrations at three different frequencies (55 Hz, 110 Hz
and 380 Hz);

— at a temperature of 60°C, without vibrations medium or
with vibrations at three different frequencies (55 Hz, 110 Hz
and 380 Hz).

Based on the obtained results, the cooling rates were cal-
culated on cooling intervals.

2.2. Methods

The installation used for the experimental determination
of the cooling curves consists of: an air bubbling system; a tube
heating system with a control sample made of silver (cylindrical
oven with electric resistance); measuring system represented
by a y-t recorder (the device used for changing the speed of the
recorder), Fig. 2.

The silver specimen with embedded chromel-alumel
thermocouple has the following characteristics £ = 13 [mm];
h=28 [mm]; S= 1408 [mm]; m = 39,9 [g]; pa, = 10,5 [g/cm”];
Aag = 418,5 [W/mK].

For the calculation of the thermal transfer coefficient on
intervals, the Eq. (1) is used [18]:

-m- T -T
a = 3600-m Cln i 0 , |:W/m2K:| (1)
At;-S T, =T,
where:
m — sample weight, m = 0.0399 [kg];

¢ — specific heat of silver, ¢ = 0.056 [kcal/kg-grd];
S — sample surface, S = 0.001408 [m*];
At — measured time intervals, [s];
T;, Ty — theinitial and final temperature of each interval, [°C];
1, — quenching media temperature, [°C].
To calculate the cooling intensity of the studied quenching
media, Eq. (2) was used [18]:
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where
ag — overall heat transfer coefficient:

ag= (04 ty + 0y ty Feeeeet @, 1,)/Zt;, [W/m*K];

t; — the time interval between 7; and 7; + 1, [s];

o; — interval heat transfer coefficient;

t — total cooling time, [s];
Aag — coefficient of thermal conductivity of silver.

The silver specimen was heated to austenitizing tempera-
tures of a steel (800°C), after which it was immersed in cooling
media for quenching in a calm state, the cooling being done
without agitation or vibration with three frequencies.

The synthetic media used for testing was one liter. The tests
were repeated to validate the experiment.

3. Results and discussion

An important parameter in changing the intensity and
characteristics of cooling is the agitation of the cooling media.
There are multiple methods that can assure a turbulent cooling,
however, a special category of internal movement of the media,
less used, is the vibration of the cooling media with frequencies
in all ranges (infrasound, acoustic and ultrasound). Synthetic
quenching media are non-flammable, unlike oil, and, usually,
they have a lower cooling rate than water, reducing the risk of
deformation and cracking.

The first disadvantage of the carboxymethyl cellulose solu-
tion is that, when it is not in use, it precipitates on the bottom of
the quenching bath. Therefore, it will become a compact layer
of sedimentary conglomerates. To reactivate the carboxymethyl
cellulose solution in the cooling bath, the media must be agitated
by stirring or by vibrations.

TABLES 1, 2 and 3 show the experimental values measured
with the experimental installation, and Figs. 3, 6 and 9 show

thermocouple

specimen

ceramic sheath

handle

Fig. 2. The system used to determine the experimental quenching cooling curves: 1 — cylindrical furnace with electric resistance; 2 — silver
specimen with embedded chromel-alumel thermocouple; 3 — measuring system with y-t recorder, time base for y-t recorder; 4 — tanks with

quenching media
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the curves corresponding to the data in the tables. Moreover,
in Figs. 4, 7 and 10 the cooling curves have been plotted.

Figs. 5, 8 and 11 show the variations of the heat transfer
coefficient calculated on cooling intervals for the quenching
media at different temperatures (20°C, 40°C and 60°C) with
and without vibrations. As can be seen from the figures, the heat
transfer coefficient has values that vary mainly with the initial
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Fig. 3. Cooling curves of water with 2% CMC + 2% NaOH addition
at 7'=20°C, V'=2.5s/cm
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Fig. 4. Cooling rate of water with 2% CMC + 2% NaOH addition at
T=20°C, V=2.5s/cm
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Fig. 5. Variation of heat transfer-coefficient with temperature during
cooling in water with 2% CMC + 2% NaOH addition at T = 20°C,
V'=2.5s/cm

temperature, while the presence of vibrations regardless of the
frequency has a much lower influence.

Considering the curves at the same temperature, the vibra-
tion frequency has a stronger effect when the ambient tempera-
ture is 20°C compared to that at 60°C, where the cooling curves
at different frequencies are very close.

When the initial temperature of the synthetic cooling media
is 20°C, TABLE 1, the cooling curves are more diverse, while
the strongest effect is produced by the low-frequency vibrations,
i.e., 55 Hz. In general, the presence of vibration in the quenching
media has mainly shown an intensification of cooling in the field
of minimum stability of the subacute austenite, which favors the
obtaining of hard structures.

Another effect observed at ambient temperature (20°C) is
the uniformity of the cooling, (Figs. 3-5). Due to the vibration,
the bubbles film does not form, therefore, the cooling is done
without thermal shocks, which will significantly decrease the risk
of cracks formation or internal stresses appearance that could
conduct to the destruction or deformation of the heat-treated part.

As can be seen from Fig. 3, the cooling media without
vibrations at 20°C has a strong variation of non-uniformity in
cooling with a false cooling range between 400°C and 300°C
temperature, followed by a sudden cooling between 300°C and
200°C.

A similar behavior, but less accentuated, was observed in
the curve in Fig. 6, i.e., in non-vibrated environments with an
initial temperature of 40°C, TABLE 2.

The cooling stage no longer appears in the non-vibrated
environment with an initial temperature of 60°C, TABLE 3.

In vibrated quenching media both those with an initial tem-
perature of 40°C and those with an initial temperature of 60°C
(Figs. 9-11) the non-uniformity of cooling is much diminished,
which is equivalent in effect to cooling without non-uniformities.

As can be seen from Figs. 4 and 7, the colling media with-
out vibrations exhibit a non-uniform cooling rate, while those
with vibrations show a relatively constant cooling rate with only
a single maximum.

Fig. 12 shows the cooling intensities calculated for the
synthetic media studied with and without vibration. The graph
shows that the cooling intensity of the analyzed synthetic medium
depends mainly on the temperature being lower at an ambient
temperature of 60°C.

The presence of vibrations does not significantly influence
the variation of the cooling rate, but it shows a notable change in
cooling behavior in different temperature intervals. Accordingly,
the vibrations will increase the cooling rate at the temperature
ranges between 800°C and 300°C. Also, a constant homogenous

TABLE 1
Cooling characteristics of aqueous solution of 2% CMC + 2% NaOH addition at 7= 20°C
T [°C] 800 700 600 500 400 300 200 100 70 60
t [s]-0 Hz 0 11.00 11.50 13.50 15.50 21.00 22.13 28.25 58.25
t [s]-55 Hz 0 9.50 10.25 11.50 13.75 17.88 21.00 25.75 61.00
t [s]-110 Hz 0 15.25 18.38 19.13 21.13 25.00 28.50 35.00 62.50
t [s]-380 Hz 0 14.00 14.50 15.25 17.75 21.50 24.50 29.75 57.50
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TABLE 2
Cooling characteristics of aqueous solution of 2% CMC + 2% NaOH addition at 7= 40°C
T [°C] 800 700 600 500 400 300 200 100 70 60 50
t [s]-0 Hz 0 14.25 29.00 31.75 35.75 41.25 45.00 53.00 62.50
t [s]-55 Hz 0 10.25 15.00 18.75 24.13 28.00 30.50 38.50 60.00
t [s]-110 Hz 0 13.38 17.25 20.88 25.75 25.00 31.13 35.00 61.25
t [s]-380 Hz 0 9.00 13.50 16.88 21.00 25.75 28.00 32.50 62.50
TABLE 3
Cooling characteristics of aqueous solution of 2% CMC + 2% NaOH addition at 7= 60°C
T [°C] 800 700 600 500 400 300 200 100 90 80
t [s]-0 Hz 0 10.75 21.38 25.00 30.00 35.88 42.50 51.25 61.25
t [s]-55 Hz 0 21.25 26.50 30.50 36.00 40.75 44.75 55.00 62.50
t [s]-110 Hz 0 23.00 26.50 30.25 35.50 40.13 44.75 55.00 67.50
t [s]-380 Hz 0 15.00 22.75 26.50 31.50 35.75 39.50 48.75 62.50
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Fig. 6. Cooling curves of water with 2% CMC + 2% NaOH addition
at T=40°C, VV'=2.5 s/cm
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Fig. 7. Cooling rate of water with 2% CMC + 2% NaOH addition at
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Fig. 9. Cooling curves of water with 2% CMC + 2% NaOH addition
at T=60°C, V'=2.5 s/cm
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Fig. 10. Cooling rate of water with 2% CMC + 2% NaOH addition at
T=60°C, V=2.5s/cm
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cooling media will be maintained, i.e., the sedimentation of the
carboxymethyl cellulose is diminished.

In other studies [19-20], synthetic quenching media such
as aqueous solutions of 2-4% carboxymethyl cellulose, as well
as aqueous solutions of polyalkylene glycol were studied as a
viable alternative for conventional quenching media such as oil
or water which have disadvantages such as very high cooling
speeds (water), flammability and high cost price (oil — 23.33).

Carboxymethyl cellulose solutions were also analyzed [19]
in a mixture with additives to stabilize and increase the surface
tension as well as from the point of view of keeping the cooling
properties after multiple uses [20]. It was also observed that mod-
erately used solutions (3-10 uses) have optimal cooling curves
and among the most effective modifiers are Na,SiO4 and NaOH.

The analyzes were carried out both in a quiet cooling
environment and in a bubbling environment to have a more
intense heat exchange. It was observed that bubbling has the
effect of increasing the non-uniformity of the cooling even on
sensitive time intervals for the parts (300-100°C martensitic
transformation interval) which led to the idea of using vibrations
to emphasize the thermal transfer, but in conditions of uniform
thermal shocks dangerous for the integrity of the piece during
tempering.

4. Conclusions

At temperatures of 40°C and 60°C, the vibration of the
quenching media has a lower effect compared to the effect
obtained at 20°C.

The vibration of the quenching media increases the homo-
geneity of the cooling media by dispersing the carboxymethyl
cellulose addition.

Despite the vibration frequency, the vibrated media show
an intensification of the cooling rate in the temperature range of
minimum stability of the subacute austenite. Therefore, it favors
the obtaining of a hardening structure with a smaller amount of
residual austenite.
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