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The influence of the bath temperature and composition on the 
cooling performance of Ca (NO3)2-KNO3 is investigated using AISI 
4140 and Inconel quench probes.
By JAIMON D. QUADROS, SHER AFGHAN KHAN, MA MOHIN, YAKUB I. MOGUL,  
ABDUL AABID, MUNEER BAIG, and OMAR SHABBIR AHMED

olten salts are highly effective as a quenching medium 
for austempering and martempering processes, enabling 
precise control of cooling rates to achieve the desired 
microstructures and mechanical characteristics in steel 

components. One such promising molten salt is a multicomponent Ca 
(NO3)2-KNO3 molten salt. The current work explores the cooling sever-
ity of molten Ca (NO3)2-KNO3 mixtures, which are commonly used 
for such purposes. The said mixture, with varying concentrations 
and bath temperatures, was used for quenching the Inconel probe 
with thermocouples. The temperature data extracted was used to 
determine the transient heat flux developed at the metal-quenchant 
interface. A set of critical points were assessed against the peak heat 
extraction rates. Additionally, the fluctuation of mean heat flux and 
surface temperature in relation to these crucial points were plotted, 
along with changes in composition and bath temperature of the 
quench media. The cooling intensity of these quench solutions, as 
measured by Inconel probes, correlated well with the average hard-
ness values observed in steel probes. The level of homogeneity in heat 
transmission, as measured by the spatial variance of the normalized 
heat energy, decreased as the percentage of KNO3 in the quench 
medium increased.

1 INTRODUCTION
For decades, quenching heat treatment was employed to enhance 
the hardness and resilience of steel components. Totten and Bates [1] 
examined the current condition of the traditional quench hardening 
procedure used in the heat-treatment industry and found that austen-
itic steel parts are rapidly cooled in water, mineral and vegetable oils, 
and aqueous polymer mixture kept at room temperature. Narazaki et 
al. [2] investigated the formation of residual stress in quenched com-
ponents and noticed the conversion of austenite to alternate phases 
during quench hardening triggers the formation of thermodynamic 
and transformational stresses within the component after it has been 
quenched. In the quenching of hardened steel components, these 
stresses combine to generate deformation, residual stress, fractures, 
and other related deficiencies. Defects reported in steel components 
exposed to typical quench hardening heat treatment often include 
distortion, residual stress, and cracking. [2]

The ASM Handbook Committee [3] defines austempering and 
martempering as heat-treatment methods extensively employed for 
hardening steel components with little deformation, residual stress, 
and cracking when reviewing numerous industrial steel methods of 
heat treatment. The bainitic alteration temperature of the austen-
itized steel component is maintained for an adequate amount of time 
to convert all austenite to bainite. The austenitic steel component, 
quenched and maintained at a temperature slightly higher than the 
martensitic start point, is held for a brief period during martem-
pering. When the temperature difference in the steel component 
becomes very low, it is withdrawn from the quenching medium and 

exposed to air cooling. Austenite is, therefore, allowed to transform 
into martensite gradually. As a result, there is a necessity to oper-
ate the quench medium temperature in the temperature range of 
150-600°C for heat treatment techniques such as austempering and 
martempering. Such cooling media are intended to provide adequate 
cooling rates to preclude the diffusion-based transition of austenite to 
pearlite, ferrite, and, in numerous instances, bainite. Quenching, on 
the other hand, involves key stages to impart mechanical properties 
to the metals. The heating of the material transforms it into an aus-
tenitic microstructure and, thereafter, soaks it to ensure uniformity 
before rapid cooling or quenching, using media such as water, oil, 
polymers, etc. This quick cooling confirms the formation of martens-
ite, contributing to increased hardness and strength. [1,3]

Molten salt quenchants have their own set of advantages when 
compared to the other quenchants, such as rapid cooling rate, lower 
distortion, less cracking, consistent and repeatable results, lower fire 
hazards, etc. [4] Lantelme and Groult [4] provided vital information 
on several technical uses of molten salts. When it comes to the use 
of molten solutions in heat-treatment industries, the study indicates 
that, depending on the salt’s structure, the bath might be used as a 
basic heat transmission medium or a chemically processed material 
at elevated temperature, in which chemical reactions between the 
bath and the treated component led to critical changes in structure. 
Dexter [5] described how molten chloride-based salt media is used 
for hardening high-speed steels. According to the findings, ternary 
combinations of sodium, potassium, and barium chlorides are often 
used as a quench medium for operating bath temperatures ranging 
from 425-700°C. Torkamani et al. [6] examined the hardening per-
formance of AISI D2 steel with hot oil and NaOH-KOH combinations. 
The application of molten alkali chloride for quenching is limited 
to the heat treatment of high-speed steels, where the quenching 
process occurs within a controlled quenchant temperature ranging 
from 450-600°C. Lisicic et al. [7] evaluated various quench media at 
higher temperatures used in commercial heat-treatment procedures 
and determined that parts cooled in molten alkali hydroxides and 
carbonates were particularly vulnerable to oxidation and, therefore, 
were not preferred. Because NO3–NO2-based alkali combinations 
have an operating temperature range of 150-595°C, they are popular 
industrial quench media for hardening steels. Dubal [8] conducted a 
thorough examination of the use of nitrite/nitrate-based molten salts 
for commercial purposes. He recommended maintaining the opera-
tional temperature of the quench media above the melting point of 
the combination, setting it at a minimum of 55°C. The study looked 
at how various process factors affected the cooling effectiveness of 
a molten-salt combination. Nonetheless, the lack of uniformity in 
cooling over the probe’s surface was not taken into consideration in 
this study. The inverse heat transfer approach is a strong tool that has 
recently been used to investigate quenching heat transfer. Yagov et al. 
[9] investigated the cooling responses of various alloy steels quenched 
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in water after being heated to 700-750°C. 
They incorporated the inverse heat-transfer 
technique to compute the heat flux and sur-
face temperature. The investigation revealed 
significantly enhanced heat transfer levels in 
the film boiling phase, as water subcooling 
surpassed 20°C in a pressurized water system 
operating at 100-150°C.

Contrary to popular opinion, film boil-
ing provides poor cooling rates throughout 
the quench heat transfer. Pranesh Rao and 
Prabhu [10] incorporated the inverse heat-
transfer technique to determine the tran-
sient quench heat flux that was spatially 
based. Their aim was to explore how effec-
tively and uniformly the molten eutectic 
NaNO3–KNO3 mixture cools at varying tem-
peratures in the quenching bath. The inves-
tigation was confined to the influence of 
the bath temperature, and the impact of salt 
mixture composition was not investigated. 
According to Gomez, [11] a higher melting 
point of Ca(NO3)2 provides better thermal 
stability in many high-temperature process-
es, making it suitable for specific industrial 
applications that involve elevated temperatures. Moreover, Ca(NO3)2 
has a higher oxidizing potential than NaNO3. (11) Chen and Zhao (12) 
studied the thermophysical properties of Ca (NO3)2-KNO3 mixtures 
based on weight ratios. They concluded that a 32:24:44 wt % of the 
above combination had the best latent heat storage capacity of 67 J/g, 
thereby confirming their ability to have potential thermal energy 
storage applications. Wu et al. (13) conducted experiments on the 
NaNO3–KNO3 molten salt to achieve a lower melting point and bet-
ter short-term thermal stability; 14 different kinds of mixed molten 
salts were prepared by adjusting the component ratio and adding car-
bonates or nitrates. All of the compositions showed good short-term 
thermal stability in the four-day repeated heating-cooling experi-
ments. Babu and Prasanna Kumar [14] determined the phase distri-
bution in quenched steel using the temperature equilibrium phase 
limitation method to successfully predict interfacial heat flux at the 
metal–quenchant interface during quenching of the AISI 4140 steel 
probe in water and air. A hybrid quenchant comprising 10 wt % NaCl 
added to 20% vol % polyalkylene glycol (PAG) solution was prepared to 
determine its effectiveness on distortion and crack propensity of the 
steel parts (Ramesh and Prabhu [15]). It was found the hybrid solution 
was effective in reducing the distortion and crack propensity of steel. 
However, as the concentration of PAG is increased, the stability and 
the cooling performances of the quench media decrease, as it largely 
affects the encapsulation stage. Similarly, the influence of noned-
ible vegetable oils such as pinnata on the heat treatment of steel was 
examined by Ramesh and Prabhu. [16] The results showed these oils 
are potential quench media for heat treatment of steel, however, only 
to a considerable extent. Apart from these, the addition of nanopar-
ticles significantly affects the cooling rates of quenching heat transfer. 
Nanoparticles such as copper, aluminum, and multiwalled carbon 
nanotubes (MWCNTs) resulted in increased cooling rates at critical 
temperatures, as per Nayak and Prabhu. [17] Similar experiments 
from Nayak and Prabhu [18] conveyed that an increased concentra-
tion of copper oxide and graphene nanofluids decreased the cooling 
rates at critical temperatures.

Previous studies discussed different quenching agents but failed 
to cover the heat-transfer capabilities of the Ca (NO3)2-KNO3 quench-

ing medium. Considering this, the cooling 
effectiveness and homogeneity of molten Ca 
(NO3)2-KNO3 quench media of varied com-
positions maintained at different quench 
bath temperatures are evaluated in this 
study. This study will provide new insights 
and data on the heat transfer of Ca (NO3)2-
KNO3 solutions that could be used by metal-
lurgists and material scientists to optimize 
the quenching process for various industrial 
applications.

2 EXPERIMENTAL SECTION
The effectiveness of the quenching medium’s 
cooling was assessed by adopting an Inconel 
probe crafted to the dimensions of 12.5 mm 
in diameter and 60 mm in height, respec-
tively, with inbuilt thermocouples attached, 
as seen in Figure 1. The probe was perforat-
ed with five 1 mm diameter holes through 
electrolytic discharge machining (EDM). A 
single hole was created at the midpoint of 
the probe up to a depth of 35 mm, followed 
by the remaining four holes drilled radially 
to 5 mm, up to depths of 10, 25, 40, and 55 

mm, respectively. All of these depths are threaded to 5 mm exclu-
sively from the top of the probe.

Precalibrated thermocouples of K-type were obtained from Phoenix 
Temperature & ElectroMech Manufacturing Co. WLL. Thermocouples, 
each of them having a measure of 1 m length, were placed into the 
EDM drilled holes using an 800 mm steel tube, reaching into the 
Inconel probe. The connection between the thermocouples and the 
tip of the hot junction was confirmed by manually applying pressure 
to fasten the thermocouple onto the surface of the measuring hole. It 
is assured that the press fit tolerance is upheld for the thermocouple 
and the EDM drilled holes so that the necessary connection between 
the metal surface and the junction of the thermocouple is not lost dur-
ing experimentation. Figure 2 gives the complete representation of 
the experimental setup implemented for the quenching experiment. 
The Inconel probe, along with the thermocouples, are fastened to the 
stainless-steel tube. This tube is then moved to a vertical tubular fur-
nace. A NI-9213 data logger was connected to the thermocouples using 
compensation cables. This data logger was connected to a computer, 
which recorded the time-temperature data. This data was recorded 

Figure 1: Inconel probe was used for 
experimentation

Figure 2: Quenching experiments.
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at the rate of 10 readings per second.
The molten Ca (NO3)2-KNO3 mixture of distinct compositions 

formed the 2 L quench bath. Various combinations of Ca (NO3)2-
KNO3 having a variety of compositions with corresponding bath 
temperatures, as listed in Table 1, were used for quenching experi-
ments. The quench bath furnace was maintained at a specific bath 
temperature to melt the quench media. Next, the melting furnace 
was positioned directly beneath the vertical 
tubular furnace used for heating the Inconel 
probe, which reached a temperature of 860°C. 
Subsequently, the stainless-steel probe setup 
was immersed in the quench bath contain-
ing the molten mixture of Ca (NO3)2-KNO3. 
The guide was arranged to vertically lower 
the steel tube during the quenching process.

Identical quenching experiments have 
been conducted using steel probes made up 
of AISI 4140 having dimensions of 12.5 mm 
diameter and 60 mm length with a 5 mm M16 
thread at the top. For about 20 minutes, the 
probe was maintained at an austenite tem-
perature of 860°C before quenching it with 
the molten mixture which is maintained at 
300 and 350°C. Thermocouples were placed 
within the probe to monitor the temperatures 
at specific points: one at the probe’s geometric 
center and another 2 mm away from a depth 
of 30 mm. The probe was sustained in the mol-
ten bath until its geometric center reached a 
temperature of 20°C above that of the quench 
bath. Following this, the probe was cooled 
via exposure to air. At a depth of 30 mm, the 
probe was divided into sections. One of these 
sections underwent metallographic polishing, 
followed by hardness measurement using a 
micro-Vickers hardness testing machine 
(HMV-G 20ST). A load of 0.5 kg and 15 seconds 
dwell time were employed during the hard-

ness measurement process.

3 HEAT FLUX EVALUATION
The interfacial heat flux for the metal quen-
chant was determined by using temperature 
data from the Inconel probes. Locations in 
close proximity to the probe’s surface com-
piled the cooling curve information, which 
was used in determining spatially dependent 
transient heat flux through the inverse heat 
conduction method during the quenching 
process. However, the location where the 
cooling curve data was collected was not 
used for inverse calculations. These thermo-
couple measurements served as a validation 
for the estimated heat flux.

The Fourier axisymmetric heat conduction equation governs 
quenching heat transfer in the Inconel probe given by Equation 1, 
where k is the thermal conductivity and depends on the temperature 
T and r and Cp are the density and specific heat of the material, respec-
tively. Figure 3 provides the cylindrical coordinates for the probe of 
the heat-transfer model. As per Table 2, r1, r2, r3, and r4 are consid-
ered as the boundary conditions at the surfaces. Prior to quenching, 
the probe was heat treated to 860°C; therefore, at time t = 0, r(r, z) = 
860°C. This was considered the foremost requirement for resolving 
the inverse heat conduction model. With the implementation of these 
boundary conditions, the finite element method was used to solve the 
Fourier heat conduction equation. The axisymmetric probe model of 

the rectangular cross-section was discretized 
into almost 6,000 rectangular elements hav-
ing a mesh size of 0.25 × 0.25 mm2. The heat 
transfer at the interface between the metal 
and the quenchant was calculated by using 
the thermal properties of Inconel, and these 
properties have been used to determine the 
effectiveness of cooling achieved by aqueous 
polymer and brine solutions used for quench-
ing. [11] As per Table 2, the bottom and top 
surfaces of the probe are insulated, and r4 is 
the only boundary surface through which 
quenching heat transfer is expected to occur. 
The interface heat flux r4 is defined as a cubic 
function of distance z. The parameters p1, p2, 
p3, and p4 for the time step (ts) form the main 
calculation for the inverse problem (Equation 
2). As per Ozisik and Orlande, [19] the conju-
gate gradient method was implemented to 
determine the parameters. The parameters 
were represented as Pts. [12]

z varies between 0 and 70 mm.
The thermocouple positions (r, z) TC1, TC2, 

TC3, and TC4 are (4.25, 7.5), (4.25, 22.5), (4.25, 
37.5), and (4.25, 52.5), respectively. The tem-
peratures measured at TC1, TC2, TC3, and TC4 

Figure 3: Inconel probe model to determine the 
metal–quenchant interfacial heat flux.

Table 2: Boundary conditions for probe heat transfer.

	 Bath temperature (°C)
Composition	 Representation		  Liquidus 	 250 	 300 	 350 	 400 	 450 	 500
			   temperature (°C)
KNO3 (100%)	 0 N	 330			   √	 √	 √	 √
75% KNO3  	 25 N 	 255 		  √ 	 √ 	 √ 	 √ 	 √ 
+ 25% Ca (NO3)2

50% KNO3 	 50 N 	 214 	 √ 	 √ 	 √ 	 √ 	 √ 
+ 50% Ca (NO3)2

25% KNO3  	 75 N 	 258 	 √ 	 √ 	 √ 	 √ 	 √ 	 √ 
+ 75% Ca (NO3)2

Ca (NO3)2 (100%) 	 100 N 	 293 		  √ 	 √ 	 √ 	 √ 	 √

Table 1: Composition of a molten Ca(NO3)2–KNO3 mixture for quenching experiments.

Boundary surface 	 Boundary conditions
r1 	 q = 0 (axisymmetric)
r2 	 q = 0
r3 	 q = 0
r4 	 q = p1

z3 + p2
z2 + p3z + p4

Equation 1

Equation 2

Equation 3
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are denoted as Y1, Y2, Y3, and Y4 respectively. The parameter values 
p1,ts, p2,ts, p3,ts, and p4,ts are determined to solve the inverse problem 
for which objective Sts was minimized (Equation 4).

Here, Yi, ts+j–1 is the thermocouple location where the temperature 
is measured and ts + j – 1 is the time step. The term T(Pts) was deter-
mined considering four upcoming time intervals during which the 
heat flux remained consistent. The conjugate 
gradient method-based inverse algorithm 
developed by Pranesh Rao and Prabhu [10] 
was used to determine the spatially depen-
dent transient heat flux at the metal-quen-
chant interface. The current work used the 
same method.

4 RESULTS AND DISCUSSION
The quenched Inconel probe maintained at 
different temperatures within the quench 
media determined the cooling curves that 
were later used for computing the heat flux 
at the interface between the metal and the 
quenchant. The cubic equation parameters 
at every time step were measured using the 
temperatures that were determined at four 
different thermocouple locations, i.e., TC1, 
TC2, TC3, and TC4, respectively. All of these 
factors were employed to represent the 
metal-quenchant interfacial heat flux (see 
Equation 3). Figure 4a and 4b show the vari-
ation of temperature and transient param-
eters for Ca(NO3)2 medium, maintained at a 
temperature of 400°C. During the quenching 
trials, similar graphs for the quench media, 
as reported in Table 1, were produced. Figure 
4c depicts a transient fluctuation in % inac-
curacy at all thermocouple sites in the probe 
quenched in 100 N quench medium at a bath 
temperature of 400°C. The temperature at 
the TCc was used to verify the estimated met-
al-quenchant interfacial heat flow. The most 
significant variation between the recorded 
and the projected temperature at TC1, TC2, 
TC3, and TC4 locations was 5.5% (24°C), while 
quenching in 50 N salt mixture sustained at 

250°C. The highest inaccuracy at the probe’s geometric center was 
3.2% (24°C). The temperature discrepancy between the actual and 
computed values was found to be 5.5%.

4.1 Average Heat Flux
Figure 5 displays the correlation between qavg and Tavg observed in 
the Inconel probe when it underwent quenching within molten Ca 
(NO3)2-KNO3 solutions preserved at varying bath temperatures. The 
commencement of boiling in the molten salt used for quenching signi-

Equation 4

Figure 4: Variation of (a) temperature, (b) transient heat flux, and (c) transient variation of % error at thermocouple positions for the molten Ca (NO3)2 quenching 
medium at 400°C.

Figure 5: Variation of qavg w.r.t. Tavg for the 
Inconel quench probe in a molten  
Ca (NO3)2-KNO3 mixture at (a) 300°C,  
(b) 350°C, (c) 400°C, (d) 450°C, and (e) 500°C.
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fied the initial stage of heat absorption at the 
interface between the metal and the quench-
ing medium. As shown in Figure 5a, qavg rap-
idly surged to a peak value of qmax equivalent 
to a Tavg of Tmax during the early quenching 
stage. Following that, the intensity of the heat 
flux diminished. The convective cooling step 
is the second part of the heat-extraction mech-
anism. During this phase, the rate of heat 
removal was notably stagnant. The values of 
qavg and Tavg transiting from the boiling to the 
convective stage are denoted by qconv and Tconv, 
respectively. [9] The changes in the mean heat 
flux at critical points are primarily caused by 
the multiple thermal stability regimes that 
emerge when molten salt mixtures approach 
these critical points. These changes in ther-
mal stability induce variations in heat flow 
and surface temperature because they give 
rise to chemical processes that release or 
absorb heat. [9,10]

4.2 Evaluation of Critical Points in 
Thermocouple for Varying Composition 
and Bath Temperature
The maximum rate of heat removal through-
out the nucleate boiling phase and the shift 

from nucleate to convective cooling were selected as the crucial stages 
to evaluate the quench media’s ability to cool down. [9] The terminolo-
gies qmax, Tmax, qconv, and Tconv have been used to describe the quench 
performance of molten Ca (NO3)2-KNO3 mixtures. Results from 
quenching experiments were used to construct Figure 6a-d. The data 
for all contour plots in Figure 6 are included in Table 3. The highest 
average heat transfer decreased with the increase in the KNO3 content 
and temperature of the quenching medium. Tmax rose as the KNO3 
content and bath temperature in the quenching medium increased. 
For bath temperatures of >400°C, qconv remained practically identi-
cal across all compositions. qconv improved with the KNO3 content 

Figure 6: Contour plots for (a) Tmax, (b) qmax, (c) Tconv, and (d) qconv for different compositions and bath 
temperatures in the Ca(NO3)2–KNO3 mixture.

Concentration,	 Tb	 Tmax	 qmax	 Tconv	 qconv
KNO3 (%)	 (°C)	 (°C)	 (kW/m2)	 (°C)	 (kW/m2)
50	 250	 696	 1739	 481	 341

50	 300	 712	 1649	 504	 236

50	 350	 719	 1500	 537	 233

50	 400	 739	 1354	 550	 197

50	 450	 747	 1296	 573	 163

75	 300	 733	 1296	 580	 301

75	 350	 737	 1223	 561	 213

75	 400	 744	 1224	 572	 197

75	 450	 751	 1155	 581	 184

75	 500	 753	 1114	 556	 54

25	 300	 686	 2070	 489	 215

25	 350	 712	 1826	 528	 242

25	 400	 710	 1663	 532	 183

25	 450	 721	 1521	 550	 179

25	 500	 736	 1328	 568	 108

0	 350	 739	 1565	 573	 263

0	 400	 702	 1588	 519	 245

0	 450	 732	 1418	 517	 91

0	 500	 741	 1266	 566	 117

100	 350	 754	 1214	 631	 329

100	 400	 755	 1183	 612	 205

100	 450	 760	 1136	 611	 187

100	 500	 766	 1033	 578	 108

Table 3: Heat flux parameters for different compositions and bath 
temperatures in the Ca(NO3)2–KNO3 mixture.

Figure 7: Hardness of the AISI 4140 steel probe in molten Ca(NO3)2–KNO3 
mixture for varying composition of KNO3 at temperatures of 310 and 350°C, 
respectively.
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in the molten salt medium at bath tempera-
tures under 350°C. With the increase in both 
the concentration of KNO3 and the tempera-
ture of the quenching medium, there was a 
corresponding rise in Tconv. By altering the 
composition of the molten Ca (NO3)2-KNO3 

mixtures, it is possible to attain maximum 
cooling efficiency.

Upon quenching, greater qmax and qconv 
values and lower Tconv values contribute to 
enhanced hardness in the quenched steel 
portion. A greater qmax value suggests a faster 
cooling rate, preventing the pearlitic tip of 
steel on the TTT diagram. In the TTT diagram, 
Tmax is expected to be near but lower than 
the pearlite tip of the steel. Reduced Tconv and 
higher qconv values prevent bainitic transition 
following quenching of the steel components. 
Greater peak heat flux provides faster heat 
transfer rates until the convective cooling 
period begins. Increasing heat transfer rates 
across Tmax and Tconv temperatures inhibits 
austenite transition to bainite and pearlite.

4.3 Steel Probe Quenching
The reduction in hardness in the AISI 4140 
steel probe quenched in 75 and 50 N quench 
media sustained at 310°C was ascribed to a 
considerable drop in the magnitude of qmax, 
as seen in Figure 7. Tmax increased, whereas 
qconv and Tconv did not alter significantly. The 
rise in the value of qconv was connected to the 
growth in the probe’s hardness quenched in 
50 and 25 N quench medium. This stimulat-
ed the cooling rate all through the convective 
cooling stage, suppressing the bainitic transi-
tion of austenite. In this situation, increasing 
the value of qmax had no meaningful influ-
ence on the hardness of the steel portion.

The variation of qmax significantly influ-
enced the steel probe’s hardness quenched 
in a Ca (NO3)2-KNO3 mixture, which was 
maintained at 350°C. The early occurrence 
of the convective cooling phase restricted the 
benefits that could have been achieved due to 
high qconv at higher concentrations of KNO3 
in the molten bath. This is unlikely to take 
place in the molten bath maintained at 310°C 
and is indicated by the higher values of Tconv.

4.4. Uniformity of the Steel Probe 
Quenching Cooling
Equation 5 has been used to estimate the 
normalized energy at the interface between 
the metal and the quenchant. The energy 
extracted during quenching per unit area 
was determined by integrating the nodal 
quench heat flux over the first 50 seconds.

The unevenness in the heat removal across the surface of the probe 
is generally reflected in the spatial variation of the normalized heat 
energy (Figure 8). The quenched steel parts typically tend to experience 

Figure 8: Plots for normalized heat energy for the Ca(NO3)2–KNO3 mixture at temperatures of (a) 250°C,  
(b) 300°C, (c) 350°C, (d) 400°C, (e) 450°C, and (f) 500°C.

Figure 9: (a) Variation in enthalpy and Gibbs free energy with respect to surface temperature. (b) Variation 
of the equilibrium constant for the decomposition of Ca (NO3)2 and KNO3.

Equation 5
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nonuniform hardness and deficiencies because of this spatial variation. 
An increase in the KNO3 concentration in the molten bath resulted in 
a decreased cooling uniformity along the surface of the Inconel probe.

4.5. Thermochemical Decomposition of the Molten Bath
The Inconel probe underwent quenching heat transfer in two phases: 
the boiling phase and the convective cooling phase. During the boil-
ing phase, the decomposition of the molten Ca (NO3)2-KNO3 mixture 
leads to heat extraction at the hot probe quenching surface. The 
heat extraction rate largely depends on the endothermic reversible 
chemical reaction in the boiling phase, given by Equations 6 and 7 
and Equations 8 and 9, respectively. The other major contributors 
to the boiling phase quench heat transfer were free convection and 
turbulence due to the evolution of the gas. Nonetheless, the decom-
position of nitrates is the primary reason for the conventional heat 
extraction mechanism at the probe surface.

This discussion on thermodynamic decomposition draws on the 

data and work presented by Stern, [20] which analyzed the decomposi-
tion rates and reactions of various salts. The Ca (NO3)2 decomposes to 
liquid by melting and maintains its stability at 550°C and then begins 
to decompose at 650°C. A pseudo-equilibrium is developed between 
liquid and air for the temperature ranging between 600-700°C with 
the solution containing Ca and NO2 being temperature dependent.

KNO3 does not undergo decomposition during melting and is 
stable in air up to a temperature of at least 525°C. When KNO3 is 
heated in air at 650°C, it decomposes and sets up a quasi-equilibri-
um between the temperatures 600-750°C. It could be observed from 
Equations 7-9 that nitrate oxide reactions tend to occur only beyond 
750°C. Therefore, the influence of such reactions on the extraction 
of heat during quenching can be considered negligible.

The variation in energy and enthalpy during the nitrite-nitrate 
reactions can be observed in Figure 9. Figure 9a shows the standard 
changes occurring in the decomposition of KNO3 were higher than 
that for Ca(NO3)2. Also, the decomposition of Ca(NO3)2 is more spon-
taneous than that of KNO3 for a given temperature. Due to this, the 
quenched Ca(NO3)2 eutectic mixture observes an extended boiling 
phase. As shown in Figure 9b, the equilibrium constant (Keq) for the 
decomposition of Ca(NO3)2 was higher than that of KNO3. All of this 
indicated that for a given temperature, the rate of decomposition, 
pressure, and surface temperature for Ca(NO3)2 was altogether higher 
than the KNO3 decomposition rate.

As the bath temperature increases, the nitrite-nitrate ratio also 
increases, and as per Equation 10, the nitrite salt resisted decomposi-
tion in the presence of nitrite in the molten bath. It is important to 
mention that, at the boiling phase, nitrite concentration increases 
close to the quench probe surface. This eventually leads to the forma-
tion of a concentration barrier that diminishes the decomposition 
rate of nitrites. Apparently, the end of the boiling phase occurs when 

Equation 6

Equation 8

Equation 9

Equation 10

Equation 7
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the heat energy developed at the probe surface falls below the level 
required for nitrite decomposition.

5 CONCLUSIONS
The influence of the bath temperature and composition on the cool-
ing performance of Ca (NO3)2-KNO3 has been investigated using AISI 
4140 and Inconel quench probes. The experiments draw the following 
conclusions:

» The contour plots for varying qmax, Tmax, qconv, and Tconv were 
developed to analyze the cooling performance of Ca (NO3)2-KNO3 
quench media for different bath temperatures.

»As the concentration of KNO3 decreased in the quench media, 
the cooling performance of the Inconel probe, determined by the 
degree of uniformity, increased.

»An increase in the nitrite concentration near the quench probe 
surface during the boiling phase reduced the rate of nitrate decompo-
sition. This decomposition occurs mainly because of the endothermic 
reaction that happens during quench boiling.

» The convection cooling phase initiates as the supply of heat by 
the probe tends to become insufficient for nitrate decomposition. 
This is primarily attributed to the high concentration of nitrites form-
ing a barrier at the surface of the quench probe.

» The investigation of heat transfer in Ca (NO3)2-KNO3 molten 
salt combinations may have a few drawbacks. Among these is the 
corrosive nature of the molten salt, which frequently causes damage 
to the experimental setup. Corrosion causes contamination of the 
salt mixture, reducing the precision of heat-transfer measurements. 
Furthermore, molten salt mixtures display complicated phenomena 
such as temperature phase transitions and heat-transfer properties. 
These complications frequently pose problems in the experimental 
design and data interpretation.
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