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Abstract

This paper presents the results of thermal conductivity characterization of six high 

oleic soybean oil (HOSO) and four high oleic canola oil (HOCO)-based hybrid 

nanofluids formulated with four types of nanoparticles (Graphene nanoplatelet 

(xGnP),  TiO2,  MoS2, and  Al2O3) at nanoparticles wt% concentration from 1 % to 

7 % in 1 % increment using the two-step method for use in MQL machining of dif-

ficult-to-cut metals. Thermal conductivity of the formulated hybrid nanofluids were 

measured using Thermtest Transient Hot Wire Liquid Thermal Conductivity Meter 

at temperatures from 25 °C to 75 °C in increment of 10 °C. Obtained results showed 

that thermal conductivity of all nanofluids decreases linearly with temperature, 

while the thermal conductivity enhancement increases nonlinearly with increase in 

wt% concentration, following second order polynomial. At 7-wt% nanoparticle con-

centration, hybrid nanofluids xGnP-TiO2/HOSO gave the highest thermal conductiv-

ity enhancement (109.73 % and 103.31 % at 25 and 75 °C) followed by xGnP-TiO2/

HOCO (101.36 % and 97.52 % at 25 °C and 75 °C), xGnP-MoS2/HOCO (101.36 % 

and 97.52 % at 25 °C and 75 °C), xGnP-MoS2/HOSO (96.3 % and 96.89 % at 25 °C 

and 75 °C), xGnP-Al2O3/HOCO (91.62 % and 83.23 % at 25 °C and 75 °C), xGnP-

Al2O3/HOSO (91.25 % and 83.23 % at 25 °C and 75 °C). xGnP hybrid nanofluids 

are recommended for MQL machining.  TiO2–MoS2/HOSO,  TiO2–MoS2/HOCO, 

 MoS2–Al2O3/HOSO,  TiO2–Al2O3/HOSO hybrid nanofluids gave the lowest ther-

mal conductivities and are not recommended as base fluids due to their insignificant 

thermal conductivity enhancement. Thermal conductivity of the hybrid nanofluids 

is lower than that of mono-nanofluids, but there are other inherent properties that 

could be beneficial.

Extended author information available on the last page of the article
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1 Introduction

High-strength materials like Inconel 718, titanium alloy Ti–6Al–4V and Compacted 

Graphite Iron (CGI) are used in aerospace and automotive industries due to their 

high specific strength, durability, and damage tolerance [1]. Machining these diffi-

cult-to-cut materials faces challenges due to high heat and friction generated at the 

cutting zone, leading to severe tool wear, poor surface finish and efficiency [2]. Cut-

ting fluids are used to reduce temperature and friction at the cutting zones. Thermal 

conductivity and viscosity are the most important properties of the cutting fluids 

that determine their suitability and performance in machining. Higher thermal con-

ductivity in cutting fluids results in a better heat removal during the machining pro-

cess [3]. Lower viscosity provides better cooling performance but leads to a lack of 

lubrication between tool edge and work piece, which leads to poor surface finish and 

increased tool wear [4]. One of the vastly used cutting fluids is conventional emul-

sion coolant (CEC) that is environmentally unfriendly, causes irritation, skin 

deceases, and health issues upon frequent contact [5], but due to its high thermal 

conductivity [6] it is still used in machining. Moreover, aerosols are generated dur-

ing machining while using CEC that cause severe corrosion of the metal [7]. Envi-

ronmental regulations have pushed machining industries to consider environmen-

tally friendly lubrication and cooling techniques [8]. In this regard, vegetable oils 

are being investigated for use as cutting fluids instead of CEC. Properties of vegeta-

ble oils are enhanced using nanoparticles dispersed in the base vegetable oil to form 

nanofluids for use in minimum quantity lubrication (MQL) machining [9]. MQL is a 

technique where a small amount of vegetable oil is sprayed to the machining zone. 

Cryogenic MQL has been developed [10–12] to overcome the heat problem, and 

cryogenic fluid in combination with MQL has been proposed but causes hardening 

of the materials that increase cutting forces and tool breakage due to sudden cooling. 

Nanofluid MQL proved to have better performance compared to conventional MQL 

in face milling of Inconel 718, where nanofluids MQL reduced surface roughness, 

temperature and power to 20.1 %, 14.7 % and 13.3 %, respectively [13]. Dispersion 

of graphene oxide nanoparticles in industrial metalwork coolant reduced the cutting 

temperature and friction force in machining of Ti–6Al–4V [14]. Thermal conductiv-

ity and viscosity of 43 nm aluminum oxide/water-based nanofluid was observed to 

increase with increase of volume concentration of nanoparticles at room tempera-

ture [15]. An increase of thermal conductivity by 7.4 % at 3 % of  TiO2-nanoparticle 

concentration with distilled water (DW) as base fluid (BF), where viscosity also 

increased more than predicted value using Einstein model have been observed [16]. 

Aluminum-, zinc- and copper-oxide/water ethylene glycol compound based nanoflu-

ids also did not show good agreement between experimental results and existing 

models [17]. Most of the cutting fluids reported in the literature are water, ethylene 

glycol and mineral oil based, but vegetable oil is receiving wide attention due to its 
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advantages over water, ethylene glycol and mineral oil. A review has shown that 

nanoparticles dispersion into mineral, vegetable and lubricating oil BF reduces sur-

face roughness by 15 % to 25 %, cutting force by 32 % to 35 %, tool wear by 25 % to 

30 % and coefficient of friction by 40–45 %, and increases tool life by 40 % to 65 % 

[18]. The influence of silicon carbide, copper, and diamond nanoparticles has been 

investigated using vegetable oils as BF in MQL end-milling of aluminum alloy [19]. 

 MoS2—soybean vegetable oil based nanofluids was used for MQL grinding of 

Grade 45 steel. 6 % concentration of  MoS2 in the BF showed the best tribological 

performance [20]. Improvement in cutting force and surface roughness compared to 

dry machining was reported. Soybean, palm, coconut, sunflower, and rice bran oils, 

impregnated with  Al2O3,  SiO2, CuO,  MoS2,  TiO2, graphene, and carbon nanotube 

(CNT) nanoparticles show promising results [21–23]. Polystyrene (PS) was dis-

persed in DW that resulted in the reduction of thermal conductivity of the nanofluid 

by − 25 % due to PS’ relatively low thermal conductivity compared to water-base 

fluid [24]. Therefore, to enhance thermal conductivity of nanofluid, it is important 

for the nanoparticle’s thermal conductivity to be higher than that of the BF. Nano-

particles are classified as metallic or non-metallic, and the nanofluid formed could 

be conventional nanofluid (mono nanoparticle of the same average size) or hybrid 

nanofluid (multi-type nanoparticles of same or different average sizes). Hybrid 

nanofluids effect on engine oil has been studied by adding hybrid nanoparticles 

(MgO—Multi-Walled Carbon Nanotubes—MWCNT) [25]. Increasing hybrid nano-

particle mass concentration to 2 % at 50 °C, thermal conductivity increased by 65 %. 

Thermal conductivity and viscosity of MWCNT using a volume fraction of 0.05 % 

and deionized water as BF has been studied [26]. The result showed an enhancement 

of 36 % and 5.5 % in thermal conductivity and viscosity. The study on carbon quan-

tum (C-dot), MXene and a hybrid MXene/C-dot nanofluids demonstrated that ther-

mal conductivity of MXene nanofluid enhanced by 50 % over the BF reaching 

1.003  Wm−1⋅K−1 at 0.2-wt% concentration [27]. The hybrid MXene/C-dot demon-

strated a lower enhancement of 42.2 % with thermal conductivity of 

0.945  Wm−1⋅K−1. Significant reduction 20.2 %, 21.3 %, 13.6 % of cutting forces in 

Fz, Fx, Fy and surface roughness of 33.4 % has been achieved for  Al2O3-MWCNT 

hybrid nanofluid over  Al2O3 mono nanofluid in turning of AISI 304 steel [28]. Mini-

mum surface roughness (Ra = 0.423  μm) has been achieved at the lowest feed of 

0.012 mm/z and highest cutting speed of 4150  rpm using  Al2O3-MWCNT hybrid 

nanoparticle dispersed in BF comprising of 5 % Blasocut oil mixed with DW during 

milling of Ti–6Al–4V [29]. Dispersion of  AgNO3–graphene hybrid nanoparticles 

into water-based fluid improved thermal conductivity by 8.21, 15.37, and 23.59 % at 

0.01, 0.02, and 0.03 wt% concentration of nanoparticles at 75  °C [30]. A critical 

review [31] have shown that hybrid nanofluids have better tribological features and 

machining performance in comparison with some mono nanofluids. Machining per-

formance of Inconel X-750 superalloy was evaluated in milling [32], in which vege-

table oil-based MQL three hybrid nanoparticles containing hexagonal boron nitride 

(hGN), graphite (Grpt) and  MoS2 (hBN/Grpt, hBN/MoS2 and Grpt/MoS2) were dis-

persed also, hBN/Grpt, hBN/MoS2, and Grpt/MoS2 had 22.97 %, 25.15 % and 30.10 

% higher viscosity (at 40 °C), 16.01 %, 21.05 % and 22.12 % higher thermal conduc-

tivity, respectively. However, dispersed nanoparticles agglomerate during storage 
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over time. Surfactants are added to keep nanoparticles dispersed for a longer period. 

Three surfactants (Sodium Dodecyl Sulfate (SDS), Cetyltrimethylammonium Bro-

mide (CTAB) and Oleic Acid) with different sonication time have been studied on 

Mg(OH)2—water-based nanofluid, where all the samples with different sonication 

time have shown to be stable by the 7th day, while on the 30th day, only the samples 

with 30-min and 50-min sonication times for CTAB surfactant showed better stabil-

ity followed by SDS and Oleic Acid [33]. Investigation has shown that  Al2O3,  MoS2, 

and  TiO2—high oleic soybean oil based nanofluid remained stable for a week then 

started to agglomerate within 2 weeks [34]. From the literature reviewed so far, veg-

etable oil-based hybrid nanofluids showed better performance compared to DW, 

petroleum oil and ethylene glycol-based nanofluids. Therefore, current research 

investigates thermal conductivity of hybrid nanofluids formulated using four differ-

ent types of nanoparticles—Titanium oxide  (TiO2), Molybdenum disulfide  (MoS2), 

Aluminum oxide(Al2O3), and Graphene Nanoplatelets (xGnP) with varying nano-

particle weight percentage (wt%) concentration (1 wt%, 2 wt%, 3 wt%, 4 wt%, 5 

wt%, 6 wt%, and 7 wt%) and temperature range (25 °C, 35 °C, 45 °C, 65 °C, and 

75 °C) dispersed in high oleic soybean oil (HOSO) and HOCO base fluids. Since 

high oleic acid content acts as a surfactant that enhances stability of the nanofluids 

and has good thermal conductivity compared to other vegetable oils provides added 

advantage in the stability of dispersed nanoparticles in the base fluid.  Al2O3,  TiO2, 

and  MoS2 nanoparticles of 30-nm diameter nanoparticle size, and Graphene Nano-

platelets xGnP (XG Sciences-USA) of 15-nm thickness were added and uniformly 

suspended in HOSO and HOCO to form six HOSO-based hybrid nanofluids: xGnP-

TiO2//HOSO, xGnP-MoS2/HOSO, xGnP-Al2O3/HOSO,  TiO2–MoS2/HOSO, 

 TiO2–Al2O3/HOSO and  MoS2–Al2O3/HOCO and four HOCO-based hybrid nano-

fluids: xGnP-TiO2/HOCO, xGnP-MoS2/HOCO xGnP-Al2O3/HOCO, and 

 TiO2–MoS2/HOCO to investigate the effect of nanoparticle type of the same size, 

nanoparticle wt% concentration, and temperature on thermal conductivity before 

recommending them for use in MQL machining of difficult-to-cut metals. Thermal 

conductivities of the formulated hybrid nanofluids are measured and characterized 

vs temperature and wt% concentration.

2  Theoretical Background of Thermal Conductivity Measurement

Thermal conductivity is measured using Thermtest transient hot wire (THW-L2) Liq-

uid Thermal Conductivity Meter based on ASTM standard D7896-19 in the range 0.01 

to 2  Wm−1⋅K−1, where small volume of liquid is tested for thermal conductivity accu-

rately in less than 2  s in a single measurement. The THW sensor consists of a thin 

heating Alumel wire of 0.126 mm in diameter and 60 mm in length and is completely 

inserted into the sample and A platinum RTD for independently measuring the tem-

perature of the sample. The THW-L2 sensor wire is heated by constant current source 

q then the temperature rise (°C) vs time (sec) is automatically recorded by tracking the 

change in electrical resistance of the wire as shown in Fig. 1a. Total of 100 temperature 

rise points are measured with incremental time step of 0.011 s for a total time length of 
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1.089 s. The slope a from the plot of temperature rise vs logarithm of time is used to 

calculate thermal conductivity k as shown in Eq. 1.

where, q—quantity of heating power supplied (mW), a—slope of the temperature 

rise (°C) vs logarithm of time (log(t)). The sample plot of the temperature rise vs 

logarithm of time that is used to find the slope is shown in Fig. 1b. The temperature 

rise vs logarithm of time stamp is taken for every temperature difference after the 

test. Then a linear trendline is fitted to find the tangent to the curve. Usually, the 

first few pairs of temperature rise vs log (t) (say 1 to 20 or 30 points) which fall 

on the nonlinear curve part are not used in plotting the temperature rise vs loga-

rithm of time (log (t)). Since the heating wire must first heat itself before it heats 

the test sample, there is a nonlinearity between the temperature change and log(t) at 

the beginning of measurement. Then the nonlinearity disappears after a short while 

followed by a linear trend, but if the time is too long nonlinearity appears again. The 

nonlinearity at longer times is due to the appearance of convection. Therefore, meas-

urement is taken only for 1 s. The thermal conductivity formula is only valid when 

nonlinearity is not present.

The lower the slope the higher the thermal conductivity of the material and vice 

versa.

The thermal conductivity enhancement percentage of the base fluid is calculated 

using Eq. 2.

(1)k =

q

4�a

(2)Δk∕k =
k

nf
− k

bf

k
bf

× 100

Fig. 1  Determination of slope for thermal conductivity calculation
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where, Δk—thermal conductivity enhancement, knf—thermal conductivity of nano-

fluid, k
bf

—thermal conductivity of the base fluid. For hybrid nanofluid, replace k
nf

 

with k
hnf

 the thermal conductivity of hybrid nanofluid.

3  Materials and Methods

This section presents a brief description of the materials for the vegetable oil base 

fluids and nanoparticles investigated, formulation of mono and hybrid nanofluid, and 

thermal conductivity characterization with reference to temperature and nanoparticle 

wt% concentration and type. Based on the authors recent comparative study of seven 

vegetable oils: HOSO, HOCO, Low Oleic Soybean Oil (LOSO), Acculube LB2000, 

Olive Oil, Palm Oil, Coconut Oil and CEC, where HOSO and HOCO showed bet-

ter performance as base fluid for MQL machining compared to other vegetable oils, 

HOSO and HOCO were used as based fluids to formulate hybrid nanofluids. Four 

different types of nanoparticles:  TiO2,  MoS2,  Al2O3, and xGnP with varying nano-

particle wt% concentration (1 wt%, 2 wt%, 3 wt%, 4 wt%, 5 wt%, 6 wt%, and 7 wt%) 

were dispersed in HOSO and HOCO base fluids using two-step method to form six 

HOSO-based hybrid nanofluids: xGnP-TiO2//HOSO, xGnP-MoS2/HOSO, xGnP-

Al2O3/HOSO,  TiO2–MoS2/HOSO,  TiO2–Al2O3/HOSO and  MoS2–Al2O3/HOSO 

and four HOCO based hybrid nanofluids: xGnP-TiO2/HOCO, xGnP-MoS2/HOCO 

xGnP-Al2O3/HOCO, and  TiO2–MoS2/HOCO.

3.1  Materials

HOSO was obtained from Archer Daniels Midland Inc (Decatur, IL, USA), while 

HOCO was obtained from Cargill Inc (Minneapolis, MN, USA). Vegetable oils are 

characterized by their fatty acid (FA) composition. Distinguishing features of oils 

from various sources are directly correlated with their length of the FA chains, rang-

ing from 8 to 24 carbon atoms. A saturated fatty acid (SFA) has only one single 

bond in carbon chain. FA with a double bond is referred to as monounsaturated fatty 

acid. FA with several double bonds between carbon atoms, is referred to as polyun-

saturated FAs. The FA composition of HOSO and HOCO used in formulating the 

hybrid nanofluids in this research are shown in Table 1. From Table 1, it is seen that 

HOSO has 74.5 % of Mono-Unsaturated Fatty Acid (MUFA) (Oleic Acid, C18:1), 

13 % of SFA (Palmitic + Stearic Acids, C16:0 + C18:0) and 11 % of Poly-Unsatu-

rated Acid (PUFA) (C18:2 and C18:3); while HOCO has 60 % of MUFA (Oleic 

Acid, C18:1), 4.02 % of SFA (Palmitic + Stearic Acids, C16:0 + C18:0) and 28.58 % 

of PUFA. HOSO and HOCO have high flash points of 325 °C and 340 °C, respec-

tively, and iodine level of 80–90 and 111, respectively. The higher oleic acid content 

of 74.5 for HOSO compared to that of HOCO at 60 % indicates that HOSO would 

have a higher thermal conductivity compared to HOCO.

Based on extensive literature review, four different types of nanoparticles—

titanium oxide  (TiO2), molybdenum disulfide  (MoS2), aluminum oxide  (Al2O3) 

obtained from Nanoshell-UK and Graphene Nanoplatelets (xGnP-H5) from XG 
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Sciences-USA were selected for the formulation of hybrid nanofluids. Technical 

properties, specifications and cost of these nanoparticles investigated are shown in 

Table 2.

3.2  Preparation of Nanofluids and Hybrid Nanofluids

The preparation of nanofluids/hybrid nanofluids involves dispersing mono-nano-

particles/two different combinations of nanoparticles, at a given wt% concentration, 

into a base fluid to achieve a stable colloidal system. Fifty-mL empty plastic con-

tainer, 20 mL of HOSO or HOCO base fluids and the calculated nanoparticle mass, 

Mnp for a given nanoparticle wt% concentration, n, varying from 1 %, 2 %, 3 %, 4 %, 

5 %, 6 %, and 7 %. The nanoparticle calculated weight values (in grams) for a given 

wt% concentration was weighed using Torbal AGN120 Analytical Balance scale 

with a resolution of 0.0001 g with a capacity of 120 g, repeatability of 0.0001 g, 

linearity of ± 0.0002  g with 1 % error in full scale reading. The empty container 

used for measuring the nanoparticle was weighed and the tare button was pressed to 

store the weight value. The mass of the nanoparticle (Mnp) for a desired wt% conc. 

(n) of the nanofluid or hybrid nanofluid was computed using the 20-mL base fluid 

weight value. The measured wt% values of nanoparticles were dispersed into the 

20-mL HOSO (HOCO) base fluid and thereafter inserted inside an ultrasonic bath 

and dispersed using Sonicor 1.5 gal. Digital ultrasonic cleaner, model: DS-150 TH, 

to sonicate the nanofluid/hybrid nanofluid for 90 min before measuring the thermal 

conductivity to disrupt the attraction between similar matters and further enhance 

the solid–liquid mixture. Each sample was sonicated before each thermal conductiv-

ity measurement.

The formula for calculating nanoparticle mass, Mnp, for a given nanoparticle 

weight percent concentration is given as Eq. 3:

where, Mnp = mass of nanoparticles in (g), n = wt% conc. of nanoparticle ranging 

from 1-wt%conc. to 7-wt%conc., Mo = Mass of 20 mL Oil in (g).

The descriptions of the six formulated hybrid nanofluids are given in Table 3 for 

HOSO and HOCO. From the four nanoparticles, xGnP,  TiO2,  MoS2 and  Al2O3, for 

a given nanoparticle wt% concentration, two different combinations of nanoparticles 

were added to the base fluid in the amount n/2 wt% each. For example, for n = 1wt%, 

n/2 = 0.5 wt% of each combining nanoparticle was added, and so on.

4  Experimental Plan and Procedure for Characterization of Thermal 
Conductivity

Experimental plan for thermal conductivity measurement of HOSO and HOCO Base 

fluids and hybrid nanofluids vs nanoparticle weight percent concentration varying 

from 1 % to 7 % and temperature range from 25 °C to 75 °C is shown in Table 4 for 

(3)Mnp =

(

n

100 − n

)

× Mo
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xGnP-TiO2/HOSO hybrid nanofluids. Each hybrid nanofluid thermal conductivity 

characterization consists of eight experiments corresponding to eight nanoparticle 

wt% concentrations (0 %, 1 %, 2 %, 3 %, 4 %, 5 %, 6 %, and 7 %), corresponding 

individual nanoparticle wt% concentration, computed individual nanoparticle wt% 

value (g), total nanoparticle wt% value (g), nanofluid name, and measured thermal 

conductivity at various temperatures (25, 35, 45, 55, 65, and 75 °C) and wt% con-

centrations. Similar tables were made for all six HOSO-based hybrid nanofluids, and 

all four HOCO-based hybrid nanofluids.

Fifty-ml empty plastic container was weighed on Torbal AGZN120 Digital Ana-

lytic Balance, giving 7.4875 g 20 mL of HOSO Base Fluid (BF) was weighed giv-

ing a weight 16.228 g. Similarly, 20-mL HOCO Base Fluid was weighed giving a 

weight of 15.7586 g. For a 1 wt% xGnp-TiO2 Nanofluid, 0.5 wt% of xGNP weighing 

0.07956 g was mixed with 0.5 wt% of  TiO2 weighing 0.07956 g and HOCO 20 mL 

of HOCO base fluid weighing 15.7586 g. This mixture was sonicated for 90 min, 

after which it was taken to Thermtest THW TL-2 Thermal Conductivity Meter for 

measuring the thermal conductivity of the hybrid nanofluids. The same procedure 

was repeated for the other hybrid nanofluids prepared at various wt% concentration. 

The above preparations are applicable to all base fluids.

4.1  Thermal Conductivity Characterization

Thermal conductivity measurement of the base fluid and hybrid nanofluids were 

performed using Thermtest THW-L2 liquid Thermal Conductivity Meter based 

on ASTM standard D7896-19. The THW-L2 can measure thermal conductivity 

of fluids from 0.01  Wm−1⋅K−1 to 2  Wm−1⋅K−1 at temperature range of − 50 °C 

to 100 °C with accuracy and repeatability better than 5 % and 2 %, respectively. 

The actual repeatability of the thermal conductivity measurements for HOSO- 

and HOCO-based hybrid nanofluids varied from 0 % to 0.21 % with average of 

0.07  %. Thermal conductivity of DW was measured and used to calibrate the 

Table 3  Description of hybrid nanofluids

Dispersed nanoparticles Nanoparticle wt% concentration, n Description of hybrid nanofluids

HOSO base fluid

 XGnP +  TiO2 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) XGnP-TiO2/HOSO

 XGnP +  MoS2 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) XGnP-MoS2/HOSO

 XGnP +  Al2O3 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) XGnP-Al2O3/HOSO

  TiO2 +  MoS2 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) TiO2–MoS2/HOSO

  TiO2 +  Al2O3 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) TiO2–Al2O3/HOSO

  MoS2 +  Al2O3 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) MoS2–Al2O3/HOSO

HOCO base fluid

 XGnP +  TiO2 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) XGnP-TiO2/HOCO

 XGnP +  MoS2 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) XGnP-MoS2/HOCO

 XGnP +  Al2O3 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) XGnP-Al2O3/HOCO

  TiO2 +  MoS2 n/2 + n/2 (n = 1, 2, 3, 4, 5, 6, 7) TiO2–MoS2/HOCO
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THW-L2. Experimental setup of investigation of the effect of temperature rang-

ing from 25 °C to 75 °C and nanoparticle wt% concentration on thermal conduc-

tivity is shown in Fig. 2. The setup consists of (1) Thermtest THW-L2 meter, (2) 

Echotherm Chilling/Heating Dry Bath, (3) sample container, (4) sample Cell, (5) 

THW Sensor which consists of a thin heating Alumel wire of 0.126 mm in diam-

eter and 60 mm in length for heating the sample, and a platinum RTD for inde-

pendently measuring the temperature of the sample, and (6) Desktop computer 

for programming automated experimental run and automatically record thermal 

conductivity for later retrieval and analysis. THW sensor is completely inserted 

into the sample cell, which is placed inside the sample container in Echotherm 

Chilling/Heating Dry Bath to be tested. Echotherm Chilling/Heating Dry Bath 

has an indicator that shows the actual temperature when it is reached and stabi-

lized value. It is heated by constant current source (q) set at 80 mW then the tem-

perature rise (°C) vs time (sec) is automatically recorded by tracking the change 

in electrical resistance of the wire. The slope of the plot of temperature rise vs 

logarithm of time is utilized to calculate thermal conductivity (k) as shown in 

Eq. 1.

For each experiment, 20 mL of nanofluid fluid was poured into the cylindri-

cal groove connected to the sensor and allowed to sit for 15 min to stabilize. The 

heater was set to a measurement temperature of 20  °C and allowed to stabilize 

for 15 min before starting each measurement. Aluminum foil is used to minimize 

evaporation and prevent cooling of the samples during the thermal conductiv-

ity measurement. The experiments were conducted three times once the THW-

L2 temperature sensor stabilized at 21.3 °C. A delay of 10 min was set between 

tests. The experiment was then initiated, and results were retrieved after 7 h. The 

experiments were repeated three times at each set temperature and the average 

was used for result analysis.

Fig. 2  Experimental setup for thermal conductivity measurement of hybrid nanofluids
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5  Results and Discussions

Thermal conductivity of the base fluids and different hybrid nanofluids were deter-

mined at temperature range from 25 °C to 75 °C, at incremental interval of 10° and 

for varying wt% concentrations of 1 %, 2 %, 3 %, 4 %, 5 %, 6 %, and 7 %.

5.1  Thermal Conductivity of HOSO and HOCO Base Fluids

The measured thermal conductivity of HOSO and HOCO base fluids used for the 

formulation of mono nanofluids and hybrid nanofluids investigated in this study 

are shown in Fig. 3. It is observed that thermal conductivity of HOSO and HOCO 

are similar, both decrease linearly with increase in temperature. Thermal conduc-

tivities for HOSO are 0.1713  Wm−1⋅K−1, 0.169  Wm−1⋅K−1, 0.167  Wm−1⋅K−1, 

0.165  Wm−1⋅K−1, 0.1633  Wm−1⋅K−1, and 0.161  Wm−1⋅K−1, at 25 °C, 35 °C, 45 °C, 

55  °C, 65  °C, 75  °C, respectively, while that for HOCO are 0.171  Wm−1⋅K−1, 

0.169  Wm−1⋅K−1, 0.167  Wm−1⋅K−1, 0.165  Wm−1⋅K−1, 0.163  Wm−1⋅K−1, and 

0.161Wm−1⋅K−1 at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, 75 °C. Thermal conductivity 

for HOSO at room temperature, 25 °C and at 65 °C are slightly higher than that for 

HOCO. From the above results, it is indicated that either HOSO or HOCO could be 

used as they would produce similar performance.

5.2  xGnP-TiO2/HOSO Hybrid Nanofluid

The thermal conductivities of xGnP-TiO2/HOSO hybrid nanofluids measurements 

vs temperature, nanoparticle wt% concentration and % enhancement is shown in 

Fig.  4a and b, respectively. The Percentage enhancement of thermal conductivity 

vs wt% concentration is shown in Fig.  4c. It is observed from Fig.  4a that ther-

mal conductivity decreases linearly with an increase in temperature for all wt% 

Fig. 3  Thermal conductivity vs temperature of HOSO and HOCO Base Fluids
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Fig. 4  Thermal conductivity of xGnP-TiO2/HOSO hybrid nanofluid and base fluid
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concentration. Figure  4b shows that the addition of xGnP-TiO2 hybrid nanoparti-

cle to HOSO base fluid, thermal conductivity increases nonlinearly with increase in 

wt% concentration, following second order polynomial trend. At 1-wt% nanoparticle 

concentration, the thermal conductivity enhancement for xGnP-TiO2/HOSO hybrid 

nanofluid were 11.09  %, 9.07  %, 6.19  %, 4.85  %, 3.88  %, and 3.11  % at 25  °C, 

35 °C, 45 °C, 55 °C, 65 °C, and 75 °C, respectively as observed in Fig. 4c. At 7-wt% 

nanoparticle concentration, the thermal conductivity enhancement for xGnP-TiO2/

HOSO hybrid nanofluid were 109.73, 110.85, 111.18, 109.09, 104.29 and 103.31 at 

25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C, respectively. The thermal conductiv-

ity of xGnP-TiO2/HOSO hybrid nanofluid at 25 °C for 1-wt% and 7-wt% concen-

trations were 0.1903  Wm−1⋅K−1 and 0.3593  Wm−1⋅K−1, respectively. This increase 

in thermal conductivity is as the result of high thermal conductivity of xGnP-H5 

nanoplatelet (3000  Wm−1⋅K−1), the multilayered 2D plate-like structure, low den-

sity of 0.03  g⋅cm−3, the plate-like structure causes poor Van der Waals forces 

between the layers which makes the nanoparticles to be well dispersed and stable, 

the small thickness of 15 nm, and large surface area (SSA = 50–80  m2⋅g−1), in com-

bination of  TiO2 small spherical particle size of 30 nm, low thermal conductivity of 

6.8Wm−1⋅K−1 to 8.5Wm−1⋅K−1, moderate SSA > 30  m2⋅g−1, and average density of 

3.9 g⋅cm−3.

5.3  xGnP-MoS2/HOSO Hybrid Nanofluid

The thermal conductivity of xGnP-MoS2/HOSO hybrid nanofluids measurements vs 

temperature and nanoparticle wt% concentration is shown in Fig. 5a and b, respec-

tively. The Percentage enhancement of thermal conductivity vs wt% concentration 

is shown in Fig. 5c. It is observed from Fig. 5a that thermal conductivity decreases 

linearly with an increase in temperature for all wt% concentration. Figure 5b shows 

that the addition of xGnP-MoS2 hybrid nanoparticle to the base fluid, thermal con-

ductivity increases nonlinearly with increase in wt% concentration, following sec-

ond order polynomial trend. At 1-wt% nanoparticle concentration, the thermal 

conductivity enhancement for xGnP-MoS2/HOSO hybrid nanofluid were 14.98 %, 

14.4 %, 10.77 %, 8.89 %, 7.76 %, and 7.45 % at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, 

and 75  °C, respectively as observed in Fig.  5c. At 7-wt% nanoparticle concentra-

tion, the thermal conductivity enhancement for xGnP-MoS2/HOSO hybrid nanofluid 

were 96.3 %, 94.67 %, 92.81 %, 94.75 %, 95.31 %, and 96.89 % at 25 °C, 35 °C, 

45 °C, 55 °C, 65 °C, and 75 °C, respectively. It is also observed that at higher wt% 

concentration from 5-wt% to 7-wt% concentration there is rapid enhancement, and 

the impact of temperature is minimized. The thermal conductivity of xGnP-MoS2/

HOSO hybrid nanofluid at 25 °C for 1-wt% and 7-wt% concentrations were 0.197 

 Wm−1⋅K−1 and 0.34  Wm−1⋅K−1, respectively. This increase in thermal conduc-

tivity is the result of high thermal conductivity of xGnP-H5 nanoplatelet (3000 

 Wm−1⋅K−1), the multilayered structure, low density of 0.03  g⋅cm−3 which makes 

the nanoparticle to be well dispersed and stable, small thickness of 15  nm, and 

large surface area (SSA = 50–80  m2⋅g−1), and in combination of  MoS2 small particle 
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Fig. 5  Thermal conductivity of xGnP-MoS2/HOSO hybrid nanofluid and base fluid
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size of 30  nm, thermal conductivity of 40  Wm−1⋅K−1 to  50Wm−1⋅K−1, moderate 

SSA = 45  m2⋅g−1, and average density of 5.06 g⋅cm−3.

5.4  xGnP-Al2O3/HOSO Hybrid Nanofluid

The thermal conductivity of xGnP-Al2O3/HOSO hybrid nanofluids measurements vs 

temperature and nanoparticle wt% concentration is shown in Fig. 6a and b, respec-

tively. The Percentage enhancement of thermal conductivity vs wt% concentration 

is shown in Fig. 6c. It is observed from Fig. 6a that thermal conductivity decreases 

linearly with an increase in temperature for all wt% concentration. Figure 6b shows 

that the addition of xGnP-Al2O3 hybrid nanoparticle to the base fluid, thermal 

conductivity increases nonlinearly with increase in wt% concentration, following 

second order polynomial trend. At 1-wt% nanoparticle concentration, the thermal 

conductivity enhancement for xGnP-Al2O3/HOSO hybrid nanofluid were 14.98 %, 

14.0 %, 11.37 %, 9.29 %, 7.75 %, and 7.4 % at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, 

and 75  °C respectively as observed in Fig.  6c. At 7-wt% nanoparticle concentra-

tion, the thermal conductivity enhancement for xGnP-Al2O3/HOSO hybrid nano-

fluid were 91.25 %, 89.94 %, 88.02 %, 86.26 %, 84.08 %, and 83.23 % at 25  °C, 

35 °C, 45 °C, 55 °C, 65 °C, and 75 °C, respectively. It is also observed that at 3 

wt%, 4 wt%, and 6 wt% concentration the impact of temperature is minimized. The 

thermal conductivity of xGnP-Al2O3/HOSO at 25  °C for 1-wt% and 7-wt% con-

centrations were 0.197  Wm−1⋅K−1 and 0.33  Wm−1⋅K−1, respectively; and at 25 °C 

for 1-wt% and 7-wt% concentrations were 0.173  Wm−1⋅K−1 and 0.30  Wm−1⋅K−1, 

respectively. This increase in thermal conductivity is a result of high thermal con-

ductivity of xGnP-H5 nanoplatelet  (3000Wm−1⋅K−1), the multilayered structure, 

low density of 0.03 g/cm3 which makes the nanoparticle to be well dispersed and 

stable, small thickness of 15 nm, and large surface area (SSA = 50–80  m2/g), and in 

combination of  Al2O3 small particle size of 30 nm, moderate thermal conductivity 

of  12Wm−1⋅K−1 to  38Wm−1⋅K−1, low SSA = 15–20  m2⋅g−1, and average density of 

3.95 g⋅cm−3 to 4.1 g⋅cm−3.

5.5  TiO2–MoS2/HOSO Hybrid Nanofluid

The thermal conductivity of  TiO2–MoS2/HOSO hybrid nanofluids measurements vs 

temperature and nanoparticle wt% concentration is shown in Fig. 7a and b, respec-

tively. The percentage enhancement of thermal conductivity vs wt% concentra-

tion is shown in Fig. 7c. It is observed from Fig. 7a that thermal conductivities are 

very low compared to nanofluids containing xGnP and decrease linearly with an 

increase in temperature for all wt% concentration. Figure 7b shows that the addition 

of  TiO2–MoS2 hybrid nanoparticle to the base fluid, thermal conductivity increases 

very slowly and nonlinearly with increase in wt. % concentration, following second 

order polynomial trend. At 1-wt% nanoparticle concentration, the thermal conduc-

tivity enhancement for  TiO2–MoS2/HOSO hybrid nanofluid were 0.78 %, 0.97 %, 

0.998 %, 0.81 %, 0.61 %, and 0.62 % at 25  °C, 35  °C, 45  °C, 55  °C, 65  °C, and 

75 °C, respectively as observed in Fig. 7c. At 7-wt% nanoparticle concentration, the 
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Fig. 6  Thermal conductivity of xGnP-Al2O3/HOSO hybrid nanofluid and base fluid
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Fig. 7  Thermal conductivity of  TiO2–MoS2/HOSO hybrid nanofluid and base fluid
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thermal conductivity enhancement for  TiO2–MoS2/HOSO hybrid nanofluid were 

7.0 %, 6.71 %, 6.99 %, 6.06 %, 5.31 %, and 4.14% at 25 °C, 35 °C, 45 °C, 55 °C, 

65 °C, and 75 °C, respectively. It is also observed that at 1 wt%, 2 wt%, and 3 wt% 

concentration the effect of temperature is insignificant, but at 4 wt%, 5 wt%, 6 wt%, 

and 7 wt% concentration the temperature effect is very significant. The thermal con-

ductivity of  TiO2–MoS2/HOSO at 25 °C for 1-wt% and 7-wt% concentrations were 

0.173  Wm−1⋅K−1 and 0.183  Wm−1⋅K−1, respectively; and at 75 °C for 1-wt% and 

7-wt% concentrations were 0.162  Wm−1⋅K−1 and 0.168  Wm−1⋅K−1 respectively. 

This low thermal conductivity and low enhancement implies there is no synergistic 

relationship between the two metallic and non-metallic oxides. Both nanoparticles 

 TiO2 and  MoS2 have small particle size of 30 nm, moderate thermal conductivity 

of 6.8  Wm−1⋅K−1 to 8.5  Wm−1⋅K−1 and 40  Wm−1⋅K−1 to  50Wm−1⋅K−1 respec-

tively, and low SSA > 30  m2⋅g−1 and 45  m2⋅g−1, respectively and average density of 

3.9 g⋅cm−3 and 5.06 g⋅cm−3, respectively.

5.6  TiO2–Al2O3/HOSO Hybrid Nanofluid

The thermal conductivity of  TiO2–Al2O3/HOSO hybrid nanofluids measurements vs 

temperature and nanoparticle wt% concentration is shown in Fig. 8a and b, respec-

tively. The percentage enhancement of thermal conductivity vs wt% concentration 

is shown in Fig. 8c. It is observed from Fig. 8a that thermal conductivities are very 

low compared to hybrid nanofluids containing xGnP and decrease linearly with 

increase in temperature for all wt% concentration. Figure 8b shows that the addition 

of  TiO2–Al2O3 hybrid nanoparticle to the base fluid, thermal conductivity increases 

very slowly and nonlinearly with increase in wt% concentration, following second 

order polynomial. At 1-wt% nanoparticle concentration, the thermal conductiv-

ity enhancement for  TiO2–Al2O3/HOSO hybrid nanofluid were 0.194 %, 0.099 %, 

0.3 %, 0.18 %, 0.11 %, and 0.08 % at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C 

respectively as observed in Fig. 8c. At 7-wt% nanoparticle concentration, the ther-

mal conductivity enhancement for  TiO2–Al2O3 hybrid nanofluid were 6.81  %, 

6.31 %, 5.39 %, 4.65 %, 3.67 %, and 3.42 % at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, 

and 75 °C respectively This low thermal conductivity and low enhancement implies 

there is no synergistic relationship between the two metallic and non-metallic 

oxides. Both nanoparticles  TiO2 and  Al2O3 have small particle size of 30 nm, mod-

erate thermal conductivity of 6.8  Wm−1⋅K−1 to 8.5  Wm−1⋅K−1 and 12  Wm−1⋅K−1 

to 38  Wm−1⋅K−1 respectively, and low SSA > 30  m2⋅g−1 and 15–20  m2⋅g−1, respec-

tively and average density of 3.9 g⋅cm−3 and 3.95–4.1 g⋅cm−3, respectively.

5.7  MoS2–Al2O3/HOSO Hybrid Nanofluid

The thermal conductivity of  MoS2–Al2O3/HOSO hybrid nanofluids measure-

ments vs temperature and nanoparticle wt% concentration is shown in Fig. 9a and 

b, respectively. The percentage enhancement of thermal conductivity vs wt% con-

centration is shown in Fig. 9c. It is observed from Fig. 9a that thermal conductivi-

ties are very low and decreases linearly with an increase in temperature for all wt% 
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Fig. 8  Thermal conductivity of  TiO2–Al2O3/HOSO-hybrid nanofluid and base fluid
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Fig. 9  Thermal conductivity of  MoS2–Al2O3/HOSO hybrid nanofluid and base fluid HOCO-based 

hybrid nanofluid
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concentration. Figure  9b shows that the addition of  MoS2–Al2O3 hybrid nanopar-

ticle to the base fluid, thermal conductivity increases very slowly and nonlinearly 

with increase in wt% concentration, following second order polynomial. At 1-wt% 

nanoparticle concentration, the thermal conductivity enhancement for  MoS2–Al2O3/

HOSO hybrid nanofluid were 0.778 %, 0.789 %, 0.599 %, 0.606 %, 0.408 %, and 

0.621 % at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C respectively as observed in 

Fig. 9c. At 7-wt% nanoparticle concentration, the thermal conductivity enhancement 

for  MoS2–Al2O3 hybrid nanofluid were 3.891 %, 2.564 %, 1.796 %, 1.212 %, 1.02 %, 

and 1.242 % at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C respectively. The ther-

mal conductivity of  MoS2–Al2O3 at 25 °C for 1-wt% and 7-wt% concentrations were 

0.173  Wm−1⋅K−1 and 0.178  Wm−1⋅K−1 respectively; and at 75  °C for 1-wt% and 

7-wt% concentrations were 0.162  Wm−1⋅K−1 and 0.163  Wm−1⋅K−1. This low ther-

mal conductivity and low enhancement implies there is no synergistic relationship 

between  MoS2 and  Al2O3. Both nanoparticles  MoS2 and  Al2O3 have small particle 

size of 30  nm, moderate thermal conductivity of 40  Wm−1⋅K−1 to 50  Wm−1⋅K−1 

and 12  Wm−1⋅K−1 to 38  Wm−1⋅K−1 respectively, and low SSA 45 and 15  m2⋅g−1 to 

20  m2⋅g−1 respectively and average density of 5.06 and 3.95 g⋅cm−3 to 4.1 g⋅cm−3 

respectively.

5.8  xGnP-TiO2/HOCO Hybrid Nanofluid

The thermal conductivity measurements of xGnP-TiO2/HOCO hybrid nanofluid vs 

temperature and nanoparticle wt% concentration is shown in Fig. 10a and b, respec-

tively. The Percentage enhancement of thermal conductivity vs wt% concentration is 

shown in Fig. 10c. It is observed from Fig. 10a that thermal conductivity decreases 

linearly with increase in temperature for all wt% concentration. Figure 10b shows 

that the addition of xGnP-TiO2 hybrid nanoparticle to HOCO base fluid, thermal 

conductivity increases nonlinearly with increase in wt% concentration, following 

second order polynomial trend. There is a gradual increase between 0-wt% and 2 

wt% concentration and a rapid increase between 2-wt% and 7-wt% nanoparticle con-

centration. At 1-wt% nanoparticle concentration, the thermal conductivity enhance-

ment for xGnP-TiO2/HOCO hybrid nanofluid were 13.64  %, 13.02  %, 11.18  %, 

9.29 %, 7.98 %, and 7.45 % at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C, respec-

tively as observed in Fig.  10c. At 7 wt% nanoparticle concentration, the thermal 

conductivity enhancement for xGnP-TiO2/HOCO hybrid nanofluid were 101.36, 

98.82, 98.21, 97.78, 97.14 and 97.52 at 25  °C, 35  °C, 45  °C, 55  °C, 65  °C, and 

75  °C respectively. The thermal conductivity of xGnP-TiO2/HOCO hybrid nano-

fluid at 25 °C for 1-wt% and 7-wt% concentrations were 0.194  Wm−1⋅K−1 and 0.344 

 Wm−1⋅K−1, respectively. This increase in thermal conductivity is a result of high 

thermal conductivity of xGnP-H5 nanoplatelet (3000  Wm−1⋅K−1), the multilayered 

structure, low density of 0.03 g⋅cm−3 which makes the nanoparticle to be well dis-

persed and stable, small thickness of 15 nm, and large surface area (SSA = 50  m2⋅g−1 

to 80  m2⋅g−1), and in combination of  TiO2 small particle size of 30 nm, low thermal 

conductivity of 6.8  Wm−1⋅K−1 to 8.5  Wm−1⋅K−1, moderate SSA > 30  m2⋅g−1, and 

average density of 3.9 g⋅cm−3.
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Fig. 10  Thermal conductivity of xGnP-TiO2/HOCO hybrid nanofluid and base fluid
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5.9  xGnP-MoS2/HOCO Hybrid Nanofluid

The thermal conductivity of xGnP-MoS2/HOSO hybrid nanofluids measurements 

vs temperature and nanoparticle wt% concentration is shown in Fig.  11a and b 

respectively. The Percentage enhancement of thermal conductivity vs wt% con-

centration is shown in Fig. 11c. It is observed from Fig. 11a that thermal conduc-

tivity decreases linearly with an increase in temperature for all wt% concentra-

tions. Figure 11b shows that the addition of xGnP-MoS2 hybrid nanoparticle to 

the base fluid, thermal conductivity increases nonlinearly with increase in wt% 

concentration, following second order polynomial trend. At 1-wt% nanoparticle 

concentration, the thermal conductivity enhancement for xGnP-MoS2/HOCO 

hybrid nanofluid were 16.18 %, 15.36 %, 13.97 %, 11.52 %, 10.63 %, and 9.11 % 

at 25  °C, 35  °C, 45  °C, 55  °C, 65  °C, and 75  °C respectively as observed in 

Fig. 11c. At 7-wt% nanoparticle concentration, the thermal conductivity enhance-

ment for xGnP-MoS2/HOCO hybrid nanofluid were 101.36 %, 98.82 %, 98.20 %, 

97.77 %, 97.14 %, and 97.52% at 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C, 

respectively. It is also observed that at higher wt% concentration from 5-wt% to 

7-wt% concentration there is rapid enhancement, and the effect of temperature 

is minimized. The thermal conductivity of xGnP-MoS2/HOCO hybrid nanofluid 

at 25  °C for 1-wt% and 7-wt% concentrations were 0.199  Wm−1⋅K−1 and 0.34 

 Wm−1⋅K−1 respectively. This increase in thermal conductivity is explained under 

xGnP-MoS2/HOSO.

5.10  xGnP-Al2O3/HOCO Hybrid Nanofluid

The thermal conductivity of xGnP-Al2O3/HOCO hybrid nanofluids measurements 

vs temperature and nanoparticle wt% concentration is shown in Fig. 12a and b, 

respectively. The percentage enhancement of thermal conductivity vs wt% con-

centration is shown in Fig. 12c. It is observed from Fig. 12a that thermal conduc-

tivity decreases linearly with an increase in temperature for all wt% concentra-

tions. Figure 12b shows that the addition of xGnP-Al2O3 hybrid nanoparticle to 

the base fluid, thermal conductivity increases nonlinearly with increase in wt% 

concentration, following second order polynomial trend. At 1-wt% nanoparticle 

concentration, the thermal conductivity enhancement for xGnP-Al2O3/HOCO 

hybrid nanofluid were 15.2 %, 14.0 %, 11.38 %, 9.29 %, 7.98 %, and 7.45 % at 

25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C respectively as observed in Fig. 12c. 

At 7-wt% nanoparticle concentration, the thermal conductivity enhancement for 

xGnP-Al2O3/HOCO hybrid nanofluid were 91.62, 89.94, 88.02, 86.26, 84.46, and 

83.23% at 25, 35, 45, 55, 65, and 75 °C, respectively. It is also observed that at 

3, 4, and 6 wt% concentration the effect of temperature is minimized. The ther-

mal conductivity of xGnP-Al2O3/HOCO at 25 °C for 1 and 7-wt% concentrations 

were 0.197  Wm−1⋅K−1 and 0.33  Wm−1⋅K−1 respectively; and at 75 °C for 1 and 

7-wt% concentrations were 0.161  Wm−1⋅K−1 and 0.29  Wm−1⋅K−1, respectively. 

This increase in thermal conductivity is explained under xGnP-Al2O3/HOCO.
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Fig. 11  Thermal conductivity of xGnP-MoS2/HOCO hybrid nanofluid and base fluid
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Fig. 12  Thermal conductivity of xGnP-Al2O3/HOCO hybrid nanofluid and base fluid
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5.11  TiO2–MoS2/HOSO Hybrid Nanofluid

The thermal conductivity of  TiO2–MoS2/HOCO hybrid nanofluids measurements vs 

temperature and nanoparticle wt% concentration is shown in Fig.  13a and b respec-

tively. The Percentage enhancement of thermal conductivity vs wt% concentration is 

shown in Fig. 13c. It is observed from Fig. 13a that thermal conductivities are very 

low and decrease linearly with an increase in temperature for all wt% concentration. 

Figure 13b shows that the addition of  TiO2–MoS2 hybrid nanoparticle to the base fluid, 

thermal conductivity increases very slowly and nonlinearly with an increase in wt% 

concentration, following second order polynomial trend. At 1-wt% nanoparticle con-

centration, the thermal conductivity enhancement for  TiO2–MoS2/HOCO hybrid nano-

fluid were 1.17 %, 1.18 %, 0.599 %, 0.4 %, 1.24E−06 %, and 0.0 % at 25 °C, 35 °C, 

45 °C, 55 °C, 65 °C, and 75 °C respectively as observed in Fig. 13c. At 7-wt% nano-

particle concentration, the thermal conductivity enhancement for  TiO2–MoS2/HOCO 

hybrid nanofluid were 6.04 %, 5.52 %, 4.79 %, 4.24 %, 3.89 %, and 3.83 % at 25 °C, 

35 °C, 45 °C, 55 °C, 65 °C, and 75 °C respectively. It is also observed that temperature 

has significant effect at all wt% concentration. The thermal conductivity of  TiO2–MoS2/

HOCO at 25 °C for 1-wt% and 7-wt% concentrations were 0.173  Wm−1⋅K−1 and 0.181 

 Wm−1⋅K−1 respectively; and at 75 °C for 1-wt% and 7-wt% concentrations were 0.161 

 Wm−1⋅K−1 and 0.167  Wm−1⋅K−1. This low thermal conductivity and low enhancement 

implies there is no synergistic relationship between  TiO2 and  MoS2 as explained under 

 TiO2–MoS2/HOSO.

Since  TiO2–MoS2/HOSO,  TiO2–Al2O3/HOSO,  MoS2–Al2O3/HOSO and 

 TiO2–MoS2/HOCO based nanofluids showed similar and insignificant enhancements 

in thermal conductivity of the base fluid,  TiO2–Al2O3/HOCO and  MoS2–Al2O3/HOCO 

experiment were discontinued.

5.11.1  xGnP/HOSO Mono Nanofluid

The % enhancement of TC of xGnP/HOSO mono nanofluid increased significantly 

and nonlinearly with increase of wt% concentration as shown in Fig. 14. Thermal con-

ductivity of xGnP/HOSO mono nanofluid at 25 °C and 75 °C at 7-wt% concentration 

of xGnP nanoplatelet is 0.53  Wm−1⋅K−1 and 0.47  Wm−1⋅K−1, respectively, while at 

1-wt% are 0.21  Wm−1⋅K−1 and 0.19  Wm−1⋅K−1, respectively.

At 25 °C thermal conductivity enhancement for wt% concentrations at 1, 2, 3, 4, 5, 

6, and 7 are 25 %, 54 %, 75 %, 106 %, 171 %, 191 %, and 214 %, respectively, while at 

75 °C, the enhancement are 22 %, 52 %, 74 %, 104 %, 172 %, 177 %, and 196 %. It was 

observed that there is no synergistic relationship between graphene nanoplatelet and 

 TiO2,  MoS2 and  Al2O3, instead graphene is improving the performance of  TiO2,  MoS2 

and  Al2O3 in the base fluid. Therefore, thermal conductivity of the hybrid nanofluids is 

lower to more than one order compared to mono nanofluids.
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Fig. 13  Thermal conductivity of  TiO2–MoS2/HOCO hybrid nanofluid and base fluid
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5.12  Comparative Plots of Thermal Conductivity of all Hybrid Nanofluids

Comparative plots for HOSO and HOCO based hybrid nanofluids are shown 

in Figs. 15 and 16. At 7-wt% concentration and 25  °C, xGnP-TiO2/HOSO gave 

the highest thermal conductivity enhancement (109.73  %) followed by xGnP-

TiO2/HOCO (101.36  %), xGnP-MoS2/HOCO (101.36  %), xGnP-MoS2/HOSO 

(96.30  %), xGnP-Al2O3/HOCO (91.62  %), xGnP-Al2O3/HOSO (91.25  %), 

 TiO2–MoS2/HOSO (7  %),  TiO2–Al2O3/HOSO (6.81  %),  TiO2–MoS2/HOCO 

(6.04 %),  MoS2–Al2O3/HOSO (3.89 %).

Fig. 14  % Enhancement of TC vs wt% concentration of xGnP/HOSO nanofluid

Fig. 15  HOSO and HOCO based nanofluids at 7 wt% concentration at 25 °C
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At 7-wt% concentration and 75 °C, xGnP-TiO2/HOSO gave the highest thermal 

conductivity enhancement (103.31%) followed by xGnP-TiO2/HOCO (97.52%), 

xGnP-MoS2/HOCO (97.52%), xGnP-MoS2/HOSO (96.89%), xGnP-Al2O3/HOCO 

(83.23%), xGnP-Al2O3/HOSO (83.23%),  TiO2–Al2O3/HOSO (4.14%),  TiO2-MoS2/

HOCO (3.83%),  TiO2-MoS2/HOSO (3.42%),  MoS2–Al2O3/HOSO (1.24%).

6  Conclusions

Six HOSO- and four HOCO-based hybrid nanofluids were formulated with four 

different types of nanoparticles (Graphene nanoplatelet (XGnP),  TiO2,  MoS2, and 

 Al2O3) at varying nanoparticles wt% concentration from 1 % to 7 % in 1 % incre-

ment using the two-step method to obtain xGnP-TiO2/HOSO, xGnP-MoS2/HOSO, 

xGnP-Al2O3/HOSO,  TiO2–MoS2/HOSO,  TiO2–Al2O3/HOSO  MoS2–Al2O3/HOSO, 

xGnP-TiO2/HOCO, xGnP-MoS2/HOCO, xGnP-Al2O3/HOCO, and  TiO2–MoS2/

HOCO hybrid nanofluids as well as xGnP-TiO2/HOSO mono nanofluid for com-

parison. Thermal conductivity of the formulated nanofluids were measured and 

characterized vs temperature and nanoparticle wt% concentration for use in MQL 

machining of difficult-to-cut metals. From the results, the following conclusions can 

be made:

1. Thermal conductivity of all nanofluids decreases linearly with temperature, while 

the thermal conductivity enhancement increases nonlinearly with an increase in 

wt% concentration, following second order polynomial trend.

2. Amid all nanofluids, at 7-wt% concentration of nanoparticles, xGnP-TiO2/

HOSO gave the highest thermal conductivity enhancement (109.73 and 103.31 

at 25 °C and 75 °C), followed by xGnP-TiO2/HOCO (101.36 and 97.52 at 25 °C 

Fig. 16  HOSO and HOCO-based nanofluids at 7-wt% concentration at 75 °C
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and 75 °C), xGnP-MoS2/HOCO (101.36 % and 97.52 % at 25 °C and 75 °C), 

xGnP-MoS2/HOSO (96.3 % and 96.89 % at 25 °C and 75 °C), xGnP-Al2O3/

HOCO (91.62 and 83.23% at 25 °C and 75 °C), xGnP-Al2O3/HOSO (91.25 % 

and 83.23 % at 25 °C and 75 °C).

3. The high thermal conductivity of xGnP-dispersed nanofluids is due to the high 

thermal conductivity of graphene nanoplatelet (3000 W), high surface area of the 

nanoplatelet, and higher Brownian motion of the suspended nanoparticles which 

is inversely proportional to the density of the particles.

4. xGnP-TiO2/HOSO, xGnP-TiO2/HOCO, xGnP-MoS2/HOCO, and xGnP-MoS2/

HOSO are strongly recommended in MQL machining. Also, xGnP-Al2O3/HOCO 

and xGnP-Al2O3/HOSO are recommended due to improved tribological proper-

ties of  Al2O3.

5. TiO2–MoS2/HOSO,  TiO2–Al2O3/HOSO hybrid nanofluids gave the lowest ther-

mal conductivities enhancement of (0.78 % at 1 wt% and 7 % at 7 wt% concentra-

tion at 25 °C), and (0.194 % at 1 wt% and 6.81 % at 7 wt% concentration at 25 °C), 

respectively.

6. TiO2–MoS2/HOSO,  TiO2–Al2O3/HOSO hybrid nanofluids are not recommended 

as base fluids due to their insignificant enhancement of thermal conductivity of 

vegetable oil base fluids.

7. There is no synergy in mixing metallic–non-metallic–oxides or metallic oxide and 

 MoS2 in the base fluid for MQL machining, for they show insignificant improve-

ment in thermal conductivity of the base fluid.

8. Thermal conductivity of the hybrid nanofluids is lower to more than one order 

compared to mono nanofluids.

7  Recommendation for Further Work

Further work is recommended to investigate the performance of the identified good 

performing hybrid nanofluids in actual machining of difficult-to-cut metals such as 

Inconel-718, Compacted Graphite Iron (CGI). The effect of cooling strategies on 

cutting forces, surface roughness, tool wear, and residual stresses will be investi-

gated using xGnP-TiO2/HOSO, xGnP-TiO2/HOCO, xGnP-MoS2/HOCO, xGnP-

MoS2/HOSO, xGnP-Al2O3/HOCO and xGnP-Al2O3/HOSO nanofluids at 7 wt% 

concentration.
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