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Abstract

Fluids containing particles that are small enough to remainin suspension over prolonged periods of time
sometimes exhibit exceptional thermal properties. While considerable work has been reported on such
mixtures based on oxides, inert powders and non-corrosive fluids, the present work explores the stability
and thermal conductivity of mixtures of fine particles of stainless steel and pure water. In particular, aspects
of sedimentation and the ability to obtain dispersals of particles with the fluid and avoid agglomeration were
studied. Amongst the parameters studied, it is found that controlling the hydrogen ion concentration helps to
stabilise the mixtures more than the addition of surfactants in case of 0.017 wt% stainless steel-water fluids.
This is important in obtainingζ-potentials that are large enough to sustain a significant repulsion between
like particles in the fluid. The work forms the foundation of future studies on the properties of such mixtures,
especially for heavy metallic particles. For 0.017 wt% stainless steel-distilled water nanoparticle-fluid, the
thermal conductivity increases by 8.3 % at the optimal stability condition of pH 11.
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1. Introduction

Fluids containing dispersions of particles have been knownfor some time to have enhanced properties such
as heat conduction [1] and there has been considerable modern work on fluids containing extremely small
particles, on the scale of a few nanometres[2–8]. The particles studied range from oxides to intermetallic
compounds, metals (Cu,Fe) and carbon nanotubes[9–16]. Attention has been focused on the ability of these
particle-containing fluids to conduct heat away more rapidly than the fluid alone, both in bulk heat-transfer
experiments and when the fluids are present in tiny channels [17–19].

Thermal conductivity enhancement has been reported to be higher when metallic nanoparticles are dispersed
in the fluid than in the case for oxides [7, 20]. However, rapidthermal conductivity degradation, enhance-
ment of over 20 % decreasing to almost 0 % within 30 min, was also observed for copper dispersed in water
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[21]. In addition, due to oxidation, storage and safety problems and difficulties in production because of
larger particle density related to metallic particles, metallic nanoparticle-fluids have been studied much less
than oxides or nanotube dispersions.

An important characteristic of a nanoparticle-fluid mixture or nanofluid is its stability with respect to the ag-
glomeration and sedimentation of the minute particles.Previous studies have shown the particle dispersion
stability can be increased by controllingpH of fluids or adding surfactants, and the thermal conductivity of
nanofluids were higher with better stability [12, 22–28].

It may also be necessary to avoid gross chemical reactions between the particles and the fluid. For example,
rusting, so in the case of the pure iron particles the fluid involved was ethylene glycol [14], whilst copper
particles were dispersed into water [12] and ethylene glycol [29–31].

Besides the metallic powder was studied previously, stainless steel nanopowder may be a potential candidate
because of the resistance to corrosion or chemical reactionwith fluid. Also, to benefit the higher heat transfer
properties of metallic-nanofluids, there is a need to study their stability first.

The purpose of the present curiosity-driven work was to see whether a suspension of stainless steel nanopar-
ticles in water could be made stable and how much it can improve the heat conduction.Although the thermal
conductivity of stainless steel itself is much lower than copper, if thermal conductivities of produced stable
stainless steel-water fluids show comparable thermal conductivity enhancement to that of copper, it will
show the importance of achieving stability.The work is challenging because the dynamic viscosity of water
is an order of magnitude smaller than that of ethylene glycolat 20◦C [32] and the smallest nanoparticles
of stainless steel that could be obtained are about 70 nm in size, much larger than the 10 nm iron particles
previously studied [14].

2. Experimental

2.1. Material

Stainless steel 316L nanopowder manufactured by RND Korea to purity or 99.9 % with 70 nm mean diam-
eter was used in this study. Fig. 1 is a transmission electronmicroscope (JEOL, JEM-2100) image of the
particles; spherical shaped and measured average particlesize is 67± 20 nm. The chemical composition
of nanoparticles analysed by using inductively coupled plasma spectrometer (SHIMADZU, ICPE-9000)
is listed in Table 1. Compared with the typical specificationof 316L [33], analysed carbon content was
0.057 wt% which exceeds the maximum carbon content of 316L stainless steel.

Distilled water was used for base fluid in this work, and the detailed properties such as density, dielectric
constant, refractive index and thermal conductivity of particles and water are listed in Table 2. To control
thepH value of the base fluid, hydrochloric acid (HCl) or sodium hydroxide (NaOH) were added to distilled
water (pH 7.04 at 20◦C). pH was measured with a precise pH meter of 0.01 resolution (HANNA Instru-
ments, HI 8424). Sodium dodecyl sulphate (SDS) from SamchunChemical Korea, sodium dodecyl benzene
sulphonate (SDBS) from Sigma Aldrich, and hexadecyltrimethyl-ammonium bromide (CTAB) from Sigma
Aldrich, were tested as the surfactants.
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2.2. Stability Measurement

To compare the degree of stability and durability of nanoparticle-fluids, five different methods were used:
sedimentation observation, transmission electron microscope (TEM) observation, particle size distribution
measurement, zeta potential measurement and absorbance measurement. Sedimentation was observed to ex-
amine the durability by comparing the change of color thickness visually over time. A drop of nanoparticle-
fluid on a carbon-coated copper grid (Ted Pella, CA) was driedfor over 24 hours and then the effect ofpH or
surfactant on particles were observed with TEM. The stability of particles suspended in a fluid was studied
by measuring the size distribution and zeta potential with Zetasizer (Malvern Instruments, Nano-ZS) within
an hour and absorbance with UV/Vis scanning spectrophotometer (Beckman Coulter, DU 730) over time at
rest. Previous study showed both zeta potential and absorbance are especially important in finding stable
suspension conditions [12].

There are two big limitations on determining the particle size distribution using dynamic light scattering:
(1) since the size is calculated by the measured diffusion coefficient over time using the Stokes-Einstein
equation [34], the sample should be dilute enough for the light to be scattered and (2) non-spherical or
aggregated particles cannot be distinguished as the given diffusion coefficient from the equipment is the
averaged hydrodynamic diameter that is regarded to be equivalent to one sphere which has the identical
diffusion coefficient. In addition, the calculated size is the hydrodynamicdiameter, a sum of the particle
diameter and the Debye lengthκ−1, thus always larger than the real particle size. The Debye length is
the thickness of the diffuse layer, ions that surround the surface to the slipping plane and moves with the
particle within the fluid. Therefore, with the aid of the measured hydrodynamic particle size distribution,
the dispersion status and the breakdown of particle aggregates can be compared.

The zeta potentialζ is the surface charge at the ‘slipping plane’, based on the electrophoresis theory. A
larger |ζ | indicates stronger surface charge, stronger ion boundary surrounding the charged particle, and
smallerκ−1. The total interparticle potential between particles can be calculated by Derjaguin, Landau,
Verwey and Overbeek (DLVO) theory [35, 36], and the measuredzeta potential is used to calculate the
repulsion force between two particles. This zeta potentialcan be increased by controlling thepH of the
fluid. The suspension must be sufficiently transparent to determine theζ potential and the particle size
distribution. Also, because both measurements assume thatthe colloid is stable during measurement, the
given data will not be reliable if sedimentation occurs rapidly.

Absorbance of a colloid at a given wavelength,A, is a measure of how much the particles in the fluid absorb
light: if the particles dispersed in the fluid are not dissolved and stay in a well-dispersed state, they will
absorb energy and light will scatter when exposed to a beam oflight. By Beer-Lambert law, absorbance is
a function of the particle concentrationc [37]: A = ǫbc, whereǫ is the molar absorptivity of the particle
andb is the path length of the sample, 1 cm in this study. When the sedimentation of particles occurs, the
concentration of upper part will decrease and absorbance will decrease. Thus, if the absorbance is measured
repeatedly over time under identical conditions, the concentration change of a sample due to sedimentation
can be evaluated by the absorbance change asc(t)/c(0) = A(t)/A(0) wheret is time after production andA(0)
andc(0) are the initial absorbance and concentration, respectively. In addition, absorbance measurement is
applicable for lower to higher concentrations than particle size distribution or zeta potential measurements,
therefore useful in estimating stability of various nanofluids at various concentrations.
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2.3. Nanoparticle-fluid Production

To produce a nanoparticle-fluid with particular mass fraction, the exact amount of particles and fluid were
placed in the solution-container, a 50 ml conical tube with a28 mm diameter and 115 mm height. Agitation
was done by immersing the solution-container in a bath subjected to ultrasonic pulses at 40 kHz to improve
the dispersion of particles; this is the two-step method, a standard practice in the production of nanofluids
[23]. The sonication temperature and time,pH of fluid and surfactant type and concentration were varied
in order to characterise the optimum conditions.

To find the optimal stability conditions for stainless steel-water fluids, first the sonication temperature were
determined to 23− 25◦C. To measureζ potential and particle size distribution, the particle concentration
was reduced from 1 wt% until theζ measurements became reliable at 0.017 wt%, yielding aζ potential of
20 mV with little deviation. This concentration was therefore chosen to further investigate the roles ofpH
and surfactant additions. The size of production was fixed to50 ml, the sonication time to 1 h, and then the
optimal pH of fluid that forms electrostatic stabilisation was found.

To control thepH of the base fluid, NaOH was added to fresh distilled water to prepare fluids withpH
of 8.0, 9.0, 10.0, 11.0 and 12.6 at 20◦C. Since HCl dissolves stainless steel, base fluid withpH < 7.0
was abandoned. After sonication, theζ-potential and absorbance over time were measured. AtpH values
where stableζ-potentials and higher absorbance could be recorded, SDS, SDBS and CTAB surfactants were
added to enhance the dispersion stability. SDBS was found toachieve better stability, so this was further
characterised by varying concentrations until the best stability was found.

2.4. Transient Hot-wire Method

Thermal conductivity of fluids was measured using transienthot-wire method to study the relationship with
stability. Principles, apparatus design and corrections on transient hot-wire method are well documented
in [38–45]. The apparatus in Fig. 2a consists of Agilent E3620A DC power supply, two fixed resistors, an
adjustable resistor, a thermal conductivity cell with platinum wire, National Instruments cDAQ-9174 and
9205 data acquisition system and a computer to record data.

In this method, a thin metallic wire is used as both a line heat-source and a temperature sensor. Given voltage
through the wire generates heat and increase the temperature of surrounding liquid, and the temperature of
the wire over time can be calculated from the record of the voltage change over time.

The theoretical basis of the method is Fourier’s law. With the assumption of constant thermal conductivity,
no heat generation, and the infinite line source, the solution is [38]:
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Then, the thermal conductivity of a fluid can be determined as:

k(Tr) =
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]
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, (3)

whereT(t) is the temperature at timet which can be calculated from the voltage change of the Wheatstone
bridge, andTr is the reference temperature ofk defined asTr = T0 +

1
2(∆T(t1) + ∆T(t2)).

Resistance of the platinum wire can be calculated from collected∆V = V1 − V2 by Ohm’s law; V1 =
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. Then the temperature change of the wire and

surrounding fluid during measurement∆Tid = T(t) − T0 is calculated from the linear relationship between
resistance and temperature:

Rw = RT0

[

1+ β1(T(t) − T0)
]

(4)

whereRT0 is the resistance of the wire atT0 andβ1 is the temperature coefficient of resistance, 3.90 ×
10−3 K−1 for platinum wire.

In this study,R1 andR2 were fixed to of 10Ω, andVs was set to 0.55 V to haveq of 0.3 − 0.4 W m−1. R3

was adjusted to satisfy∆V = 0 without fluid in the cell, and∆V was programmed to be recorded for 10 s
with a rate of 600 Hz. The platinum wire of 50.8µm in diameter and 60 mm in length was coated with a
teflon layer of< 1µm in thickness and soldered tight to a copper wire and a platinum spring in the thermal
conductivity cell of 3 cm in diameter and 10 cm in length. The resistance of the platinum wire used in this
study isRw = 3.14Ω atT0 = 20◦C.

In addition, the effect of the insulation layer, finite wire properties and finiteouter cell diameter discussed
in [40, 41, 44] were considered, and correctionsδTi following the references were made to the measured
temperature rise∆Tid. Thus,T(t) used in Eq. 3 to calculate the thermal conductivity should be T(t) =
T0 + ∆Tid + δTi .

Thermal conductivity of distilled water at 20− 40◦C was measured for the reference and the estimated
accuracy of the present method was±5%, compared with data in [46] as shown in Fig. 2b.

3. Results and Discussion

3.1. Light absorption of stainless steel particles

Fig. 3a shows the UV-Vis spectra of stainless steel particles dispersed in distilled water. Because a small
peak is observed at the wavelength of 330 nm in 0.017 wt% stainless steel-water fluids, absorbance at 330 nm
was used afterwards in determining the sedimentation. Fig.3b shows the linear relationship between ab-
sorbance and particle concentration follows the Beer-Lambert law. Therefore,A(0) = 0.567 at the wave-
length of 330 nm andc(0) = 0.017 wt% can be used to determine the sedimentation of 0.017 wt% stainless
steel-water nanoparticle fluids over time. This method was also used in [47].

3.2. Temperature Control

The sonication bath temperature had to be controlled because the temperature of water in the sonication bath
increased up to 45◦C from 20◦C after an hour of sonication. The dynamic viscosity of waterdecreases from
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1.01× 10−3 kg m−1s−1 at 20◦C to 6.31× 10−4 kg m−1s−1 at 45◦C [32]. From Stoke’s law, the sedimentation
velocity is a function of temperature, the primary effect being the change in the viscosity of the water;
the sedimentation of particles can be slowed down by increasing the fluid viscosity [48]. To control the
temperature, the water in the bath was refreshed with cold water at a sufficient rate to maintain the targeted
temperature of 23− 25◦C.

The effect of temperature control is shown by sedimentation observation in Fig. 4 and Fig. 5. For compari-
son, sedimentation of alumina (Al2O3) particles manufactured by Sigma Aldrich, having mean particle size
of 13 nm and 45 nm in water were also tested. The sedimentationof stainless steel-water at ambient tem-
perature is much slower in case of temperature controlled group A of Fig. 4, being a few days, than group B
of Fig. 5 when the temperature of the bath was uncontrolled and allowed to rise. However, alumina-water
fluids do not show apparent difference between group A and B, presumably because of the lowerdensity
and the smaller size of alumina compared with stainless steel particles; the calculated sedimentation rate of
stainless steel particles is at least an order of magnitude faster than that of alumina particles.

The dependence of sedimentation rate of stainless steel-water fluids on temperature is shown in Fig. 6a,b in
terms of particle size distribution and concentration change over time. When sonication bath temperature is
not controlled, particles aggregate more easily and sedimentation occurs faster, consistent with the results
in Figs. 4 and 5. These results give the importance of considering temperature on the stability, particularly
in metallic nanoparticle-fluid mixtures.

3.3. Process Scale

To assess reproducibility as a function of the size of the experiment, the size of the fluid produced was
increased from 15 ml to 50 ml whilst maintaining identical experimental conditions, including the duration
of sonication of 1 h. The temperature of the sonication bath was controlled at 23-25◦C, and the fluids
were assembled in tubes of identical length (115 mm) but different diameters (15 mm for 15 ml, 28 mm
for 50 ml). The concentration of stainless steel particles in all cases was 0.017 wt% in order to facilitate
sufficient transparency for distribution and potential measurements.

The resulting size distribution data presented in Fig. 7a shows that for the same sonication, the particles
in the larger volume of fluid are less dispersed, having a greater possibility to aggregate and settle down.
Theζ-potential plotted in Fig. 7b shows that although both are close to the stability of colloidal suspension
in terms of |ζ | & 30 mV [2], the 15 ml sample has higher surface potential, probably stronger repulsion
between particles and difficult to aggregate. The size of production was also increasedto 1 L with identical
conditions, but because the particles remained aggregatedseverely after 1 h sonication, it was impossible
to measure the particle size distribution andζ-potential due to fast sedimentation. Results show that the
required sonication conditions for sufficient dispersion will also depend on the process scale, which has not
been mentioned in most of the previous studies on nanofluids,which can explain the reason of the failure in
reproducibility. Although 15 ml sample shows better stability here, the size was considered to be too small
to test stability and thermal conductivity in this study. Therefore, the experiments afterwards were done in
50 ml scale to find the optimal stability condition withpH control and surfactant.

3.4. Sonication Time

The effect of sonication time is shown in Fig. 8 in terms of the particle size distribution and zeta potential
when the sonication temperature and the process scale were controlled. While theζ-potential does not vary
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much, the particle size distribution results show that particles are well dispersed when sonication time is
increased from 30 min to 60 min and then may aggregate with longer sonication of 90 min. Therefore, the
sonication time of 60 min was selected in this study.

3.5. pH Effect

The 316L stainless steel contains iron, chromium, nickel, molybdenum, manganese, silicon and carbon as
in Table 1. While the isoelectric points (IEP)1 of Fe, Cr and Ni are known to bepH > 7 [49], values of
pH 3− 4 have been quoted for the surface of stainless steels which are covered with oxide layers [50]; the
ζ-potential of the mixture is expected to be in a stable range when thepH of the fluid is far from the IEP of
the stainless steel particles.

With reference to the sodium hydroxide experiments, Fig. 9ashows theζ-potential change with respect to
the pH of 0.017 wt% nanoparticle-fluids. The charged surfaces of particles become unstable when thepH
increases from 7 to about 9, and the IEP of 0.017 wt% stainlesssteel particles in distilled water was found
to bepH 7.8. IEP ofpH > 7 tell the surface of particles used in this study is not oxidized.

Further addition of NaOH increases the number of anions thatsurround the particles, leading to electrostatic
stabilisation atpH 10 andpH 10.9 whereζ-potentials are−49.8±0.6 mV and−59.0±4.2 mV, respectively.
At pH 12.6, the excess ions suppress the electrical double layer of the particles, the Debye length decreases,
and the repulsive force between particles decreases; the excess OH− ions disrupted the electrostatic stabili-
sation. The corresponding absorbance data in terms ofc(t)/c(0) are shown in Fig. 9b, measured from 20 min
to 60 min after the production. All samples have identical concentrations, thus the concentration over time
is greater in samples with less sedimentation. The sedimentation was slowest atpH 11, consistent with the
ζ-potential results.

These experimental results were verified by the total interparticle potentialVT calculations based on DLVO
theory [35, 36].VT is the sum of the van der Waals attractionVA and repulsionVR as a function of interpar-
ticle distanceH [34] as:

VT = VA(H) + VR(H)

VA = −
A131
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whererp is the particle radius,εm is the static dielectric constant of medium, andε0 is the vacuum permit-
tivity 8.85×10−12 C2 J−1 m−1. The interaction constant of particle 1 in medium 3,A131, is Hamaker constant
or Lifshitz-van der Waals constant [51–55]:

A131 =
3
4

kBT

(

εp − εm
εp + εm

)2

+
3~νe

16
√

2

(

np
2 − nm

2
)2

(

np
2 + nm

2
)3/2
, (6)

whereεp is the static dielectric constant of the particle andnp and nm are the refractive indices of the

1The isoelectric point (IEP) is apH when the electrophoretic mobility is zero and the point of zero charge (PZC) is apH when
the net charge of the surface of the particle is zero. Generally, IEP and PZC can be used interchangeably.
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particle and the medium.kB is the Boltzmann constant 1.38× 10−23 J K−1, T is the absolute temperature of
the medium,~ is the Dirac’s constant 1.05× 10−34 J s andνe is the frequency where the dielectric medium
has the strongest absorption peak, 3.0× 1015 s−1 for water [55, 56].

To be consistent with the zeta potential measurement, the refractive index of stainless steel 316L at the
wavelength of 633 nm was selected. The dielectric constant was calculated from the relation with refractive
index asε = n2 in the static field [53]. Then the Liftshitz-van der Waals constant of stainless steel particles
in water was calculated to beA131 = 2.88× 10−19 J, which is in the range of 2× 10−19 − 5× 10−19 J known
for metals [55]. The value of parameters used in the calculation are listed in Table 2.

The Debye lengthκ−1 [nm] of a particle in medium can be calculated as [12, 55]:

κ−1 =

√

εmε0kBT

2NAe2I
= 1.9878× 10−3

√

εmT
I
, (7)

whereNA is the Avogadro constant 6.022× 1023 mol−1 ande is the charge of a proton 1.602× 10−19 C.
I = 1

2

∑n
i=1 cizi

2 is the ionic strength of the fluid in the unit of [mol L−1] or [M] where ci is the molar
concentration of ioni [mol L−1] andzi is the charge number of ioni. In 1:1 electrolyte water whosepH value
is dependent on HCl or NaOH without any salts, the Debye length is a function of the ionic concentration
of H+ or OH−. At 300 K:

κ−1 = 0.3083
√

I−1

{

I = 10−pH (pH < 7)
I = 10−14+pH (pH > 7).

(8)

Therefore, the total interparticle potential of stainlesssteel particles in water can be calculated using the
measuredζ-potential as shown in Fig. 10. The primary maximum atpH 10 andpH 11 is over 50kBT,
higher than the maximum energy of the Brownian collision [48, 55], so the particles will be electrostatically
stable. Since the attractive force is independent ofpH of the fluid, the positive energy barrier formed
for pH 10 andpH 11 are because of the strong repulsive potentials between particles with higher absolute
ζ-potentials. Therefore, the dependence of the stability oninterparticle forces can be explained by this
calculation withζ-potential measurement.

For the 0.017 wt% STS-water nanoparticle-fluids produced inthis study, the optimalpH found is pH 11
which shows good stability without any surfactant addition. In addition, Fig. 9 and Fig. 10 show that zeta
potential and sedimentation by absorbance measurements should be considered together to determine the
overall stability of nanoparticle-fluids.

3.6. Surfactant Effect

In previous studies, the optimal surfactant concentrationhas been found only at optimalpH values [12,
24, 25]. However, the excess addition of any ions can lower the dispersoid stability. Therefore, the sur-
factant effect was characterised also for other samples with lowerpH in this study because the addition of
surfactants at the optimalpH 11 may accelerate aggregation of particles due to high concentration of ions.

First, to establish the type of the surfactant best suited for the stainless steel nanoparticle-water fluid, anionic
SDS and SDBS and cationic CTAB were added to 0.017 wt%-water fluids atpH 7. Fig. 11a,b show the result
of SDBS and CTAB addition, where the mass fraction of SDBS andCTAB relative to stainless steel particles
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was varied as 0.5, 1.0 and 1.5. In case of SDS, the addition to fluid greatly increased the sedimentation rate,
and it was impossible to measure the potential.

The addition of anionic SDBS changed the sign ofζ-potential; the particle surface is thus surrounded by
adsorbed anions. Both SDBS and CTAB addition increased|ζ | – the anionic or cationic “heads” of the
surfactant molecules are adsorbed to the particle surface and confer steric stability. Results show that the
decrease in particle concentration is slowest when SDBS andCTAB to particle mass ratio is 0.5 and 1.0
(SDBS 0.5 and CTAB 1.0), respectively.

However, CTAB was not tested more for several reasons: sedimentation was slower when SDBS was added;
it is preferable to add as little surfactant as possible to investigate the heat transfer mechanism between
metallic nanoparticles, so adding SDBS with mass ratio of 0.5 is better; cationic surfactants is known not
to work well in high pH solutions; and it is easier to use surfactants that do not change the sign of the
previously formed ion boundary, thus anionic type is preferable in NaOH added fluids. Therefore, SDBS
was selected on the basis of steric stabilisation.

The effect of SDBS addition at variouspH is shown in Fig. 12 byζ-potential change. The addition of
SDBS was very effective in distilled water (pH 7) but not significant at NaOH added samples, especially at
pH 10− pH 11 where the electrostatic stabilisation was previously formed. ζ-potential decreases at some
pH when SDBS is added more to the fluid; SDBS 0.5 is sufficient to from steric stabilisation and there will
be excessive ions in SDBS 1.0 and SDBS 1.7 fluids. AtpH 7, the anionic heads adsorbed to the particle
surfaces easily and formed steric stabilisation since no other salts or NaOH had been added before.

The sedimentation results in Fig. 13a,b,c also show that SDBS 0.5 is the optimal condition. As the con-
centration of SDBS increases, decrease inc(t)/c(0) increases, which implies anincreasein sedimentation
rate. This is because excessive surfactants increase both the ions adsorbed on the particle surface and the
remaining counter ions. The latter will enter into the inneradsorbed layer, leading to a decrease in the
ζ-potential of the particle, and hence to a decreased interparticle repulsion. Therefore from theζ-potential
and absorbance measurements, the optimal SDBS mass fraction relative to stainless steel nanoparticles is
0.5 for pH controlled 0.017 wt% stainless steel-water mixtures.

3.7. Optimal Conditions and Long Term Stability

The ζ-potential and long term stability of the 0.017 wt% nanoparticle-fluids with the better stability are
compared in Fig. 14 and Fig. 15 for the optimal conditions found in previous sections. The|ζ | of the
SDBS 0.5 fluids are slightly higher thanpH 10 andpH 11 fluids, but the sedimentation is slowest atpH 11
fluid until 150 min. Fig. 15a shows particles settle down rapidly for 3 h and only less than 20 % of particles
remain dispersed in the fluid. After 3 h, sedimentation rate is relatively slower and the overall long term
stability was 10 days forpH 11, 3 days forpH 10 and DW, and less than 1 day for other fluids.

Before concluding that NaOH or SDBS addition help stainlesssteel particles dispersion, there is a need to
identify that no chemical reaction take place between additives and particles. After storing fluids at stay for
5 days after production, the particle morphology was observed by TEM. Fig. 16 shows there is no apparent
particle shape change compared with Fig. 1, so using NaOH or SDBS is thought not to cause any chemical
reaction.

Above results show the electrostatic stabilisation is moreeffective in conferring greater stability than steric
stabilisation for the 0.017 wt% stainless steel-distilledwater nanoparticle-fluids. It can be concluded that
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pH 11 is the optimal stability condition found for 0.017 wt% stainless steel-water nanoparticle-fluids having
slowest sedimentation rate.

3.8. Thermal conductivity at optimal conditions

Fig. 17 shows the thermal conductivity enhancement,knf/kf that is measured for the samples in Fig. 14 at
24− 26◦C. To measure the thermal conductivity using the conductivity cell in Fig. 2a, 250 ml of sample is
required. Because the process scale was fixed to 50 ml in previous stability investigations, several identical
fluids were prepared at once and mixed before the thermal conductivity measurement for consistency.

Fig. 17a shows that the measured thermal conductivity enhancement is higher when the overall stability is
better; measuredknf/kf at 10 min after production is highest atpH 11 sample, the most stable fluid among
studied. Large deviations andknf/kf ranging under 1.0 having smallerknf than water, is probably because
of rapid sedimentation during measurements. Although the time of the measurement is very short, particles
will continuously settle down as shown in Fig. 15.

Fig. 17b presents the thermal conductivity enhancement as afunction of particle concentration forpH 11 flu-
ids. It shows that the thermal conductivity enhancement increases as particle concentration increases. Ther-
mal conductivity enhancement of 8.3 % with very small amountof stainless steel particles of 0.0021 vol.%
is significant, far exceeding the Maxwell’s prediction [1].This is comparable to the 23.8 % enhancement
with 0.1 vol.% copper particles in water reported [21].

However, the decrease of thermal conductivity enhancementwas too fast, converging to 1.0 in 30 min.
Although 30 min is longer than 10 min reported for copper-water fluids [21], there is a need to slow down
the sedimentation to make use of excellent initial heat transfer property of stainless steel-water fluids.

4. Conclusions

The stability (resistance to sedimentation) of stainless steel nanoparticles and water mixtures has been char-
acterised, including the tendency of the particles to avoidagglomeration. The parameters studied include
size distribution,ζ-potential and absorbance change of the nanoparticles in distilled water withpH control
and surfactant additions. It is clear that bothζ-potential and absorbance (sedimentation) measurements are
important in measuring the stability of nanoparticle-fluids.

Dispersion via ultrasonic vibration was used to induce the separation of agglomerated particles; however,
it was found that stainless steel-water mixtures require a constant low temperature in the sonication bath.
Otherwise, the viscosity of the water is reduced when the temperature increases, causing rapid sedimentation
during the sonication treatment. In addition, it is shown that increasing the sonication time does not always
increase the stability of mixtures.

Sodium hydroxide additions were used to control thepH of the fluid; the isoelectric point was found to be
at pH 7.8 for 0.017 wt% stainless steel-water mixture. The experiments revealed thatpH 11 led to optimal
condition, where the magnitude of theζ-potential was much larger than the value of 25 mV consideredas a
threshold in maintaining particle separation.

The stability atpH 11 counter to expectations, decreased when the surfactant sodium dodecyl benzene
sulphonate (SDBS) was added whereas the stability of distilled water fluid (pH 7) was found to increase
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when the SDBS concentration was kept to about half that of thestainless steel powder. Although, the most
stable condition was atpH 11(pH 10.9−pH 11.1) without any SDBS in this work. However, one of optimal
conditions may have higher stability when more powerful dispersion methods are used effectively.

The long term stability was 10 days atpH 11, 3 days atpH 10 and distilled water without any addition and
less than 5 hours for others. Particles settled down rapidlyfor 1 h after the production and the remaining
dispersed particles were less than half of the initial concentration. This initial rapid sedimentation problem
should be solved in the future. In addition, the reaction between particles and surfactants orpH controlled
fluids should be considered carefully for the long term usageof fluids. No chemical reaction between NaOH
and SDBS with stainless steel particles was verified.

The thermal conductivity of 0.017 wt% stainless steel nanoparticle-water fluids was higher at optimal con-
dition, pH 11, showing a strong relationship between the fluid stability and heat transfer property. Thermal
conductivity was increased 8.3 % atpH 11 fluid with 0.0021 vol.% of stainless steel particles.
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Table 1: Composition in wt% of analysed stainless steel 316Lparticles used in this study compared with stainless steel 316L
typical specification [33].

Cr Ni Mo Mn Si C Fe

Analysed 17.1 11.0 2.0 0.98 0.49 0.057 bal.

[33] 16-18 10-14 2-4 1.5 1.00 max 0.03 max bal.

Table 2: Properties of stainless steel 316L and water at 20◦C. Density (ρ), thermal conductivity (k), dielectric constant (ε) and
refractive index (n) at specific wavelength (λ) are from [46] if not noted.

Material ρ / kg m−3 k /W m−1 K−1 ε n (λ / nm)

Stainless steel 7900 15 2.757 [57] 7.6 (633, calculated)

Water 998.21 0.5984 80.2 1.33211 (632.8)
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Figure 1: Bright field transmission electron microscope image of stainless steel 316L nanoparticles dispersed in distilled water.
Measured average particle size is 67± 20 nm.
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Figure 2: (a) Schematic of experimental setup of transient hot-wire circuit with thermal conductivity cell and (b) measured thermal
conductivity of distilled water compared with [46].
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Figure 3: (a) The UV-Vis spectra and (b) relationship between particle concentration and absorbance of stainless steel316L
particles dispersed in distilled water.

(a) 30 min (b) 1 h (c) 3 days

(d) 2 weeks (e) 1 month

Figure 4: Group A, with sonication bath temperature maintained in the range of 23− 25◦C for 1 h. Sedimentation of water-based
Al 2O3 and stainless steel fluids as a function of time after production at rest. (1) 13 nm alumina, 0.04 wt%; (2) 13 nm alumina,
0.4 wt%; (3) 45 nm alumina, 0.04 wt%; (4) 45 nm alumina, 0.4 wt%; (5) 45 nm alumina, 0.65 wt%; (6) 70 nm steel, 0.005 wt%; (7)
70 nm steel, 0.04 wt%.
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(a) 30 min (b) 1 h (c) 3 days

(d) 2 weeks (e) 1 month

Figure 5: Group B, with sonication bath temperature in the range of 23− 45◦C for 1 h. Sedimentation of water-based Al2O3 and
stainless steel fluids as a function of time after productionat rest. (1) 13 nm alumina, 0.04 wt%; (2) 13 nm alumina, 0.4 wt%; (3)
45 nm alumina, 0.04 wt%; (4) 45 nm alumina, 0.4 wt%; (6) 70 nm steel, 0.005 wt%; (7) 70 nm steel, 0.04 wt%.
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Figure 6: The effect of sonication bath temperature control compared by (a) particle size distribution and (b) concentration change
over time of 0.017 wt% STS - water nanoparticle-fluids. Samples were prepared using 50 ml conical tubes and were sonicatedfor
1 h. Measurements done within 10 min after the production.
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Figure 7: The effect of process scale compared by (a) particle size distribution and (b)ζ potential of 0.017 wt% STS - water
nanoparticle-fluids prepared using 15 ml and 50 ml conical tubes. Measurements done within 10 min after the production.
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Figure 8: The effect of sonication time shown by (a) particle size distribution and (b)ζ potential of 0.017 wt% STS - water
nanoparticle-fluids. Sonication temperature was controlled and the process scale was 50 ml. Measurements done within 10 min
after the production.
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Figure 10: Calculated total interparticle potential of 0.017 wt% stainless steel-water nanoparticle-fluids in Fig. 9.A131 = 2.88×
10−19 J, measuredζ potential from Fig. 9, calculated Debye lengths by Eq. 8,rp = 35 nm andT = 300 K were used in calculation.
The calculated Debye length atpH 10 andpH 11 are 30.8 nm and 9.75 nm, respectively.
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Figure 11: Effect of (a) anionic SDBS and (b) cationic CTAB surfactants on 0.017 wt% stainless steel-water nanoparticle-fluids.
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Figure 12: Effect of SDBS on theζ potential of 0.017 wt% stainless steel-water nanoparticle-fluids with temperature controlled 1 h
sonication. The mass ratios of added SDBS to stainless steelparticles were 0.5, 1.0 and 1.7.
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Figure 13: (a,b,c) Effect of SDBS on concentration change of fluids in Fig. 12 during1 h. (d) Effect of SDBS concentration on
stability of DW (pH 7), pH 10 andpH 11 fluids 30 min after production.
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Figure 14: Theζ-potential of selected 0.017 wt% stainless steel-water nanoparticle-fluids.
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Figure 15: (a) The short term and (b) long term stability of selected 0.017 wt% stainless steel-water nanoparticle-fluids.

(a) pH 11 (b) SDBS 0.5 (c) pH 10+ SDBS 0.5

Figure 16: TEM images of stainless steel 316L nanoparticlesdispersed in NaOH or surfactant added distilled water. To observe
the effect of NaOH or surfactant on particle shape, nanoparticle-fluids were stored at stay for 5 days and then sonicated for 30 min
before making the TEM sample.
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Figure 17: The thermal conductivity enhancementknf/kf of (a) selected 0.017 wt% stainless steel-water nanoparticle-fluids and (b)
pH 11 stainless steel-water fluids as a function of particle volume fraction. Measurement was done within 10 min after production
for five to ten times.


