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Abstract

Experiments were conducted to study the effect of quenching medium
catbon steel in water-based MWCNTSs nanofluids at 0.05 % wt. concentration
quenchant, a large cylindrical sample with 46 mm diameter and 40 mm length
made from medium carbon steel used with three K-type thermocouples with a
diameter of 1.5 mm inserted in three locations for sample (center of the sample,
mid-point between center and surface and 1 mm from the surface). A time-
temperature reading data system was used to read temperature history during
cooling stage.

The same experiments were simulated using ANSYS Workbench with
Thermal Transient Version 19, the cooling curves at three locations for the
cylindrical steel sample calculated during quenching in MWCNTSs nanofluids.
Quench factor analysis was used to predict the hardness results from the
calculated and measured cooling curves, and these results compared with the
hardness test results conducted in the significant sample from the center to the
surface. The results show excellent compatibility when compared between the
hardness results from cooling curves, and it also shows a good agreement with
the results of the hardness test, especially at the sample surface.

1. Introduction

The quenching process remains one of the most
important commonly used heat treatment processes
in manufacturing to obtain the desired mechanical
properties. It included a rapid cooling and heat
extraction from the high-temperature part by quickly
immersion in liquid, traditionally water, oil, brine, and
polymer solution [1]. Many heat transfer mechanisms
included at the solid-liquid interface (which might be
involv a vapor film), it an expressed in terms of the
effective heat transfer coefficient (h), which is a
function to the part surface temperature [2].

It is often referring to as accelerating the
transition from film boiling to nucleate boiling by
increased cooling rate [3]. The modern researches in
scientific institutions are studying a new type of
cooling media with having high ability to transfer
heat, which called nanofluids [4].

Nanofluids are a new kind of liquid engineering
suspensions that have a higher capacity than
conventional fluids to achieve the desired heat
transfer characteristic. It is preparing from uniform
added nanoparticles with size range (1-100 nm)
having high thermal conductivity into base liquids
such as water, ecthylene glycol, or oil. These
nanoparticles may be oxide ceramic nanoparticles
such as (Al,03, Si0,, Ti0,), metals nanoparticles
(Cu, Au, Ag), metal carbides (SiC), and carbon
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nanotubes (CNT) can be added to the base fluids [5].
The term nanofluids was first defined by Choi in
1995 [6].

Quench Factor Analysis (QFA) is a mean for
estimate hardness and stress with a known quench
path and isothermal transformation kinetics during
continuous cooling when metal part exposure to
quenching process, had been proposed by Evancho
and Staley [7]. QFA gives one number to describe the
quenching power; Calculations of quench factors are
easily accessible from the data acquisition (cooling
curve) and the time-temperature transformation
curve (TTT) of the alloy of interest [8].

Simulating a quenching process requires detailed
knowledge of the heat transfer coefficients (htc) at
the hot solid-liquid interface. The htc can be
estimated experimentally using a small probe with a
thermocouple inserted into it to recorded time-
temperature data during quenching small probe to
evaluate htc [9].

D. Ciloglu et al. in 2011 [10] researched to study
the effect of nanofluids on the quenching properties.
Probes made from brass with 20 mm diameter and 75
mm length quenched in water and water nanofluids
various volume fraction Al,03, Si0,, TiOyand CuO.
The results revealed that the addition of nanoparticles
to water enhances the cooling rate, which in turn
prevents the growth of bubbles around the surface,
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resulting in increased heat transfer and improving the
quenching process. Also showed water-based,
nanofluids were better than other quenchants used.
Repeated the cooling process three times in the
nanofluids led to the disappearance of the boiling
phase of the film that was present in the first round
during the quenching process.

K. Babu and T.S.Kumar in 2011[11] were studied
the heat extraction properties during the quenching
process by used water-based multi-wall carbon
nanotube (MWCNT) nanofluids with and without
surfactant as a cooling media. 304 L stainless steel
cylindrical probes with 20 mm in diameter and 50
mm length quenched in distilled water and water-
based MWCNT nanofluids. They found that the
maximum heat flux was highest by 37.5% during
quenching in MWCNT nanofluids and increasing in
cooling rate without surfactant when compared with
distilled water, where the maximum heat flux was
reduced by 24.9% during quenching in MWCNT
nanofluids with a surfactant as compared with
distilled water.

In another study conducted by G. Ramesh and K.
Narayan in 2012 [12] to study the effects of
nanofluids on quenching power during quenching
process, were used an Inconel 600 probe with 12.5
diameter and 60 length and heated it to 850 °C then
immersed quickly in a water-based nanofluids
solution with AL nanoparticles of variable
concentration from 0.005 vol. % to 0.5 vol. %. The
results of the experiments showed that the cooling
rates increased when using nanofluids as quenchant
comparing with water, the results also showed a
decrease in the film boiling stage at a concentration
of up to 0.1 vol. %, while the film boiling stage was
longer at a concentration of 0.5 vol. %.

J. Daniel and et al. in 2016 [13] studied the effects
of nanofluids as a cooling media to be a substitute for
traditional cooling media used in quenching
processes, such as oil, water, and other conventional.
Nanoparticles wete used Al,0;, graphite, and
montmorillonite. It was noted that the cooling rates
for graphite and montmorillonite were close to the
oil, while Al203 was the cooling rate higher than
water. The concentrations used were (0.01% wt., 0.05
% wt. and 0.1% wt.). The researcher concluded that
the using of cooling media type depends on the type
of application of the metal to be hardening. Where
montmorillonite or graphite can be used instead of
the oil due to its natural cooling during the quenched
section, that leads to less cracking and distortion, and
environmentally friendly. Al,03; nanofluids also can
be used when martensite is required, for instance,
getting tool steel because of faster cooling.

The aim of this research is to study the effect of
quenching medium carbon steel on water-based
MWCNT nanofluids at 0.05% wt. concentrations
experimentally with simulation of that process by
studying its effect on the hardness values result from
the center to the surface of the sample during
quenching process.

2. Experimental work
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In this research work, the large sample of medium
carbon steel was used. The chemical composition of
the material is carried out at the Institute of Specialist
for Engineering Industries as shown in table 1.It can
be classified as AISI 1050 medium carbon steel
according to the standard chemical compositions
shown in table 2:-

Table 1: Chemical composition for the large sample
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Table 2: Chemical composition for AISI 1050
medium carbon steel.
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Quenching system used in the experiment to
measure the time-temperature history inside the small
probe consists of a data—acquisition system, tube
furnace, a 1 L beaker containing the cooling media,
and K—type thermocouple. The surface of the probe
is maintained by standard machining and grinding of
the surface of the probe altogether to avoid any
additional effect on the surface impurities that affect
the thermocouple reading. The 1.5 mm diameter
thermocouple was inserted into the cylindrical probe
together with some fine graphite powder for better
thermal contact.

A large sample of diameter 46 mm and 40 mm
length used with three K-type thermocouples with a
diameter of 1.5 mm (center of the sample, mid-point
between center and surface and 1 mm from the
surface) inserted them into the sample holes as
shown in Figure 1.The thermocouples ate connected
to the data logging system to record the temperature
with time during the cooling process. Figure 2 shows
the furnace and the thermocouple recorder system
used in the experiment. Water-based Multi-Wall
Carbon NanoTubes (MWCNTSs) with concentrations
(0.05 wt. %) nanofluids prepared at the Nano
Renewable Energy Research Center / Al-Nahrain
University, MWCNTs were used as a nanomaterial
and distilled water as a base fluid. The mixing process
was performed using an Ultrasonic machine device
with different preparation times as needed. 2 Litters
nanofluids prepared is a proper amount to ensure
that it does not change in its temperature due to the
quench. The furnace switches to 850 °C and kept for
30 minutes before putting the large sample into the
furnace for 60 minutes, which is enough to reach the
required temperature (850 °C), then immersion the
sample in the nanofluids. The cooling curves were
then analyzed to predict the hardness of the sample.
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Figure 1: The steel sample with three locations in
which the cooling curves were measured.

Figur‘e 2: The furnace with the data logging system
which used in the experiment

For hardness measurement and microstructutre
examinations after the quenching process, the large
sample was prepared by using 400,600 and 1000
grinding papers. Then polishing was performed using
diamond paste. Finally, the polished sample was
cleaned by water and alcohol and then dried. The

Lo

L

AP

samples were etched using 3% Nital solution and the
microstructure  examined  using an  optical
microscope.
3. Modeling with ANSYS 19

In the present work, ANSYS Workbench
software program with Thermal Transient field
Version 19 was used to simulate the quenching
process and investigate the cooling curves and
cooling rates at three locations for the large steel
sample. After drawing the geometric shape and define
the properties of the large cylindrical sample,
generating a mesh by using tetrahedral mesh type as
shown in figure 3. Then input the boundary
conditions, which including sample dimensions, initial
temperature, quenchant  temperature, thermal
conductivity, and effective heat transfer coefficient
(htc).  Finally, running the program to obtained
results. Heat transfer coefficient in the interface
region between the solid surface and the quenchant
very important in the simulation quenching process
and its function to the surface temperature, which
can be estimated using equations 1 and [2] by applied
lumped capacity theory.

dT
_ Ve (M

b= As(Ts—Too) M
Cp(T) = 481.96 + 0.157 T'— 1.547 ¥10~> T2 + 1.168 *
1075 77-1.92*%1078 T*+9.05*10"12 T>
JKg= K~ @

Where C, is the specific heat capacity at constant
pressure, 17 = 6.14* 1078 m3and Ag= 9.82¥ 107°
m? the sample volume and surface area respectively,
o = YAeAKg m™3 the density which is assumed to
be constant, Ty = 850°C and T,,= 40°C sutface
temperature and quenchant temperature respectively
dar . .
and pm the instantaneous cooling rate, all these

parameters for small probe.
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Figure 3: Mesh generated for cylindrical steel sample in ANSYS 19.

4. Data Analysis, Results and Discussion

The small probe with diameter 2.5 mm and 13 mm
length quenched in water-based MWCNT (0.05%
wt.) nanofluids. The time-temperature data were used
to evaluate the cooling rate, as shown in figure 4. This
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cooling rate was used as an input to estimate the
equation for an effective heat transfer coefficient at
the solid-quenchant interface used in the simulation.
Figure 5 illustrates the effective heat transfer
coefficient dependent on the surface temperature.
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Figure 4: Cooling curve and derived cooling rate for small probe quenched in water based MWCNT (0.05 % wt.)
nanofluids.
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Figure 5: Heat transfer coefficient as a function of surface temperature during quenching the probe in water based
MWCNT (0.05 % wt.) nanofluids.

Figures 6 showed the cooling curves and the o

derived cooling rates curves were calculated at three Sy R &
locations for the large steel sample during the : ‘
quenching process in water-based MWCNT (0.05%
wt.) nanofluids at 45 °C. Figures 7 illustrated the
cooling curves and derived cooling rates curves 0
calculated at three locations for the large steel sample | surface e
during transient thermal simulation in the ANSYS r
program for the quenching process in water-based ‘ ¢ - e " “ “
MWCNT (0.05% wt.) nanofluids at 45°C.The

temperature gradient from the surface to the center in :
a section of the steel sample in thermal transient %0 o
simulation during the quenching process, as shown in pi &,
figure 8. The cooling curves and cooling rates
obtained from  ANSYS program and the
experimental, demonstrate excellent compatibility
when compared between them.
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Figure 6 : Experimentally measured (a) cooling
curves, (b) cooling rates curves for sample to three
locations ( center-midpoint between center and
surface- surface) during quenching in water based
MWCNT (0.05% wt.) nanofluids at 45 °C.

000
a
m "
Lot l\t\
P 0 \.:.‘
\\ Cent
? 800 \\ Bitee
2 wo W\
g AN
iwo \ N
E o \'\\\?\l‘:\.
00 R
Surface \\
!
i W BN S aw § I U WO W § W e
0 10 20 30 o0 % 50
Cooling curve/ s
b
o — ST
E o Sarface
£
4
a
E
=
wo e 00 0 wo

Cooling rate /*C.s~!

Figure 7: Calculated (a) cooling curves, (b) cooling
rates from Ansys program for case study sample to
three locations (center-midpoint between center and
surface- surface) during quenching in water based
MWCNT (0.05% wt.) nanofluids.

(b)
Figure 8: Temperature gradient from the surface to
the center (a) after 1 second, (b) after 8 second, in
section of the steel sample in thermal transient
simulation for quenching process in a water-based
MWCNT (0.05 % wt.) nanofluids.

The Cooling information can be used to predict
variance in hardness because, in the quench factor
analysis, there is a relationship between cooling curve
and hardness property. Ivancho and Staly [15]
originally proposed the quenching factor analysis.
However, the variation of the value of hardness
expressed in terms of the quench factor Q in the
following equation [2]:

Hp =Hpmin + Hmax -Hmin) exp (K10) (©)

Where; Hp= represents the expected hardness Hyqy
and Hp,;u,= represent the maximum and minimum
hatdness of steel, respectively. K; =the constant
represents the natural logarithm of the volume
fraction of transformation, usually In 0.995= -
0.00501, Q = the cumulative quench factor over the
entire transformation range between Ar; and Ms [7]

o=y @

T=m, t€

At represents the time step used in data
acquisition and describes the locus of the critical time
values as a function of temperature forms the TTT
curve of the steel used. To knowing the measured
maximum and minimum hardness for steel used. For
this purpose, two small samples prepared and heating
to 850 °C, the first quenched in brine quenchant with
agitation to obtained maximum hardness and
martensitic structure. The second sample cooled
slowly by remained inside the furnace to obtained
minimum hardness and peatlite structure. The
maximum and minimum Vickers hardness was 713
HYV and 175 HV, respectively.

Table 3 shows a good agreement between both
the prediction hardness values from calculated and
measured cooling curves by analyzing the quench
factor and the experimental hardness values in the
sample, especially the surface. However, the
difference between hardness values increases as it
approaches the center of the sample. The varieties in
values between calculated and measure hardness is
due to an error rate in the hardness values calculated
when using the quenching factor analysis, which
includes the error in thermal conductivity, the specific
heat capacity of the steel, and the heat transfer
coefficient  calculations.  Also, the  thermal
conductivity is a function of temperature and phase.
Therefore it is difficult are precisely calculated when a
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phase change occurs, so the hardness results
calculated by the quenching factor were more
accurate in the surface area of the sample where the
presence of martensitic structure.

Figure 9 illustrates the examination microstructure
results of the large sample quenched in water-based
MWCNT (0.05% wt.) nanofluids for three regions
(center, a midpoint between center and surface,
surface).

Table 3: QF and hardness values in three locations

for sample & -
. 1mm from s Al
Center Middle Surface (©) 716 HV
QF |Hardness| QF [Hardness| QF | Hardness Figure 8: microstructure for three locations at steel
— sample (a) center, (b) midpoint between center and
Prefdlcnon surface, (c) sutface.
rom
calculated | A vy 1,0 TAY Y AR .
cooling 5. Conclusion
curve V-The ANSYS simulation of the quenching process
Prediction of the large steel sample in nanofluids gave very close
from results with experimental results in terms of the
measured |A,e] V)Y LAl At y,0 VA distribution of sample predicted hardness by using
cooling the quench factor calculations.
curve Y-The quench factor technique combined with
Measured cooling curves can enable the estimation of hardness
hardness 49 el vt variation as a function of distance.

V-The predicted hardness values were achieved by
both calculated and measured cooling curves for
three regions compared to the hardness test, there is
good agreement especially in the sample surface.
4-The microstructure varies with the distance from
the center to the sample surface. Where the
martensitic structure in the sample surface had the
highest hardness value 716 HV when it quenched in a
water-based MWCNT (0.05 wt. %) nanofluids.
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