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obtained using one- or two-step synthesis method [1, 3]. 
Nanofluids have an particular applicable potential due to 
their highly enhanced thermal properties [2, 4–8]. Addi-
tionally, nanofluids usually represent an improved time–
stability compared with some conventional heat-transfer-
ring fluids with submicrometric or micrometric particles 
[2, 9, 10]. These properties result from the size effect of 
nanoparticles and their Brownian motion in liquid media. 
Nanofluids can also flow smoothly through microchannels 
without any clogging effect, so the size of heat transfer sys-
tems can be reduced [1, 6, 10].

Because of these properties the usage of nanofluids in 
an industrial process may create energy savings, reduce 
process time, raise thermal rating and lengthen the work-
ing life of equipment [11]. On the other hand the health 
risks and handling difficulty of nanofluids are not yet com-
pletely understood. Integrating the nanofluids into exist-
ing forced-convection liquid cooling systems might cre-
ate concerns of piping erosion, component damage, and 
nanoparticle settling or agglomeration [12]. Application 
of nanofluids as efficient coolants in advanced industry 
depends not only on their high thermal conductivity, but 
also critically depends on their rheological properties like 
viscosity, viscoelasticity, etc. [6, 8, 9, 13, 14]. For certain 
applications, like heat-microexchangers, high thermal con-
ductivity is required with a minimal nanofluid viscosity. 
However, until now, much less attention has been paid to 
both theoretical and experimental investigations on their 
rheological properties than on their thermal conductivity 
studies.

Nanofluids industry uses varied metallic and ceramic 
powders which are capable to heat transport in flow condi-
tions [2, 6, 9, 15, 16]. One of the powders is aluminium 
nitride (AlN), which has recently paid much attention 
[4, 7, 8, 17]. It has been applied as an important ceramic 

Abstract Nanofluids have recently attracted researches’ 
attention as a new generation of heat-transferring fluids 
used in heat exchangers and for energy storage. Also alu-
minium nitride is commonly known for its considerable 
heat conductivity, as high as 320 W/(m K). Because of 
that, the compound might be a preferable dispersed phase 
of heat-transferring fluids. This presented studies are 
focused on nano-AlN–poly(propylene glycol) dispersions 
which can be applied as potential cooling fluids. The rheo-
logical response of the suspensions on shearing and their 
thermal conductivity in the function of solids concentra-
tion and temperature were measured and discussed. The 
most desired result of the studies is to produce dispersions 
with Newtonian-like flow at increased temperature and at 
higher shear rate. All the aforementioned parameters con-
jugated with significant thermal conductivity of such nano-
fluids could predispose them to be used as effective cooling 
media.

1 Introduction

Nanofluids are produced when spherical nanoparticles, 
nanorods, nanotubes or nanofibres are dispersed in vari-
ous base fluids [1, 2]. These particular media are usually 
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substrate material due to its high thermal conductivity, 
low thermal expansion coefficient, low dielectric constant, 
good mechanical strength, thermal stability, non-toxic-
ity, stable crystal structure and relatively low cost. These 
unique properties have made AlN an attractive material for 
high-tech industrial applications such as electrical packag-
ing and heat sinks. Aluminium nitride is an attractive mate-
rial for semiconductor devices because of its high thermal 
conductivity, low dielectric constant, thermal expansion 
coefficient similar to silicon, and excellent mechanical 
strength. Nevertheless, these AlN properties are very sen-
sitive to impurities, which may be harmful in the sintering 
process [7, 17].

Moreover, it is difficult to obtain fully dense AlN sin-
tered pieces due to its low diffusion coefficient and its high 
sintering temperature (2173 K). The sintering temperature 
of AlN can be decreased by making the particles smaller, 
leading to an increase in their surface area. Therefore, the 
current scientific challenge is to synthesize nano-sized AlN 
powder of high purity. In general, AlN could be fabricated 
in a variety of methods, such as carbothermal nitridation, 
direct nitridation of aluminium powders, chemical vapour 
deposition and plasma processes, among which carbother-
mal nitridation and direct nitridation of aluminium pow-
ders have been the most widely used in the industrial pro-
duction [18].

Commercially available poly(propylene glycol) 2000 
(abbrev. PPG 2000) from Acros Organics was used as 
the dispersive phase of the studied nanofluids. This col-
our- and odourless viscous liquid is commonly used as 
an ingredient in many household products and cosmetics. 
PPG is also widely applied in power generation industry, 
chemical production, air-conditioning, transportation and 
microelectronics [19]. The researchers community more 
often takes into account ethylene or poly(ethylene glycol) 
as a dispersive phase in nanofluids instead of propylene or 
poly(propylene glycol) [20–22]. Ethylene glycol does not 
transport as much of heat as propylene glycol. Because 
of that more fluid must be circulated to transfer the same 
amount of energy and therefore pumps volume must be 
increased.

The first purpose of the research was to study some 
rheological properties of nano-AlN–PPG systems. In order 
to demonstrate the behavior of the dispersions at different 
conditions, solid phase loading, shear rate and temperature 
were the variables. Subsequently, the thermal response of 
suspensions containing various solids loading was meas-
ured at different temperatures and discussed. Since the sys-
tems consist of suitable ratio of solid/liquid phase and they 
have some advantageous rheological properties and thermal 
response, they could have high potential to be applied in 
cooling industry.

2  Materials and methods

2.1  Materials

Nanometric aluminium nitride was purchased from Sigma-
Aldrich (Aluminium nitride nanopowder, <100 nm particle 
size) [23].

The AlN powder was used in as-received state (no ther-
mal or chemical treatment had been applied). Figure 1 
shows TEM micrograph of the powder; according to its 
manufacturer; AlN grains are well-dispersed and their aver-
age particle size is well below 100 nm.

Non-aqueous dispersive phase preserves AlN particles from 
the reaction with water [7, 17]. Therefore, poly(propylene 
glycol) with an average molecular weight of ca. 2000 (Acros 
Organics) was used as the dispersive phase for nano-AlN. 
The liquid is commonly designated as PPG 2000. The recent 
studies have confirmed usefulness of that particular solvent 
to obtain AlN suspensions of some advantageous features [7, 
17]. PPG 2000 liquid is thermally resistant and highly stable, 
its vapour pressure at 20 °C is <0.01 mmHg. Due to its hygro-
scopic properties, PPG 2000 should be kept sealed to avoid 
steam imbibition. Density of PPG 2000 at 25 °C is 1.005  
g/cm3; its kinematic viscosity is 3 × 10−4 m2/s at 25 °C.

2.2  Aluminum nitride characteristics

SEM observations of nano-AlN combined with 
X-ray microanalysis were carried out by using ultra 

Fig. 1  TEM micrograph of nano-AlN given by Sigma Aldrich [23]
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high-resolution Nova Nano SEM 200 Scanning Electron 
Microscope (FEI EUROPE COMPANY) attached with EDS 
analyzer by EDAX. TEM analysis of nano-AlN powder was 
conducted by using of FEI Tecnai TF-20 X-Twin (FEG) 
transmission electron microscope. Accelerating voltage 
during the analysis was 200 kV. Isopropanol dispersion of 
nano-AlN had been ultrasonificated for 30 min and then 
placed on copper mesh with carbon surface film. X-ray dif-
fraction (Cu Kα radiation) was conducted on X’Pert Pro, 
Panalytical equipment. Bulk density of nano-AlN powder 
was measured on helium pycnometer AccuPyc 1330 from 
Micromeritics. Specific surface area SSABET was deter-
mined on the basis of adsorption/desorption isotherm of 
nitrogen molecules at the temperature of liquid nitrogen. 
The equipment used for the study was ASAP 2010 device 
from Micromeritics. Particle size distribution analysis 
was carried out by using of Metasizer 2000 device (Mal-
vern Instruments). PSD measurements of nano-AlN were 
made in isopropanol. Concentration of the powder was 
0.0088 vol%. The size range of the PSD measurement was 
0.020–2000.000 μm. The average value of seven measure-
ments was taken into account.

2.3  Viscosity measurements of nano‑AlN_PPG 2000 
systems

Rheological measurements of nano-AlN_PPG 2000 sys-
tems were conducted by using of Physica MCR-301 (Anton 
Paar) rotational rheometer attached with two parallel plates 
(Θ = 50 mm, measuring gap = 0.500 mm). Increasing and 
decreasing values of shear rate (0.1–1000/s) was applied 
in order to determine viscous behavior of the suspensions. 
The measurements were taken at the temperature range of 
20–50 °C with the temperature step 10 °C (±0.2 °C).

2.4  Preparation of nano‑AlN_PPG 2000 dispersions

AlN–PPG dispersions were prepared via two-step syn-
thesis. TD 100 laboratory dissolver (Pendraulik-Teja) was 
equipped with a mechanically modulated dispersive disk. 
The powder was incrementally added to PPG continuous 
phase, and then the suspension was homogenized. Sub-
sequently, the dispersions were stirred for 40 min at 3000 
RPM. It had been assumed that such an intensive stirring 
broke some AlN agglomerates. The as-obtained suspen-
sions were actually highly flowable and definitely homog-
enous. Solid phase loading in nano-AlN–PPG 2000 suspen-
sions was 0.1, 0.5, 5, 10, 15 and 20 vol%.

2.5  Thermal conductivity measurements

Laser flash analysis (abbrev. LFA) was used to measure 
thermal conductivity of nano-AlN–PPG 2000 dispersions. 

AlN dispersions were placed into platinum holder of LFA 
427 apparatus (Netzsch Company). Its measuring range 
covers thermal conductivity from 0.1 to 2000 W/(m K). 
Thermal diffusivity of the samples was measured at 20, 
40, 60 and 80 °C. Proteus analysis software was used to 
converse values of thermal diffusivity into thermal con-
ductivity. Thermal conductivity was designated as k  
(W/(m K)). Thermal conductivity enhancement (TCE, %) 
was computed by comparing thermal conductivity of AlN–
PPG dispersion to its base poly(propylene glycol) liquid is 
following as:

where k thermal conductivity of AlN–PPG dispersion  
(W/(m K)), k0 thermal conductivity of PPG (W/(m K)).

The maximum tolerance of thermal conductivity meas-
urement in the case of PPG liquids and AlN–PPG disper-
sions is ca. 4 %. For statistical reasons three laser shots 
were measured for each temperature and average of this 
three was calculated.

3  Results and discussion

3.1  Materials characteristics

Morphological features of nano-AlN powder are depicted 
in Figs. 2, 3, 4, 5 and 6. SEM micrograph reveals loosely 
agglomerated grains with the wide range of the pri-
mary particle size: from dozens of nanometers to several 
micrometers. The particles are strongly irregular, the fin-
est grains are mostly spherical, but the largest ones are 

TCE = [(k−k0)/k0]× 100

Fig. 2  SEM micrograph of purchased nano-AlN powder
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polyhedral crystallites. SEM micrograph of nano-AlN pro-
vided by its manufacturer (Fig. 2) probably shows the finest 
fraction of the particles.

Four columnar graphs in Fig. 3 show an atomic % (at.%) 
of elements detected by X-ray microanalysis attachment 
(EDS attachment).

Four nano-AlN grains had undergone EDS analysis and 
the studies detected elemental aluminium, nitrogen and 
oxygen. The quantities of the elements presented in Fig. 3 
are as follows: 63, 51–80, 34. at.% of Al, 14, 1–27.01 at.% 

of N, 4, 38–9, 48 at.% of O. Oxygen contaminant probably 
originated from hydrolysed surface of nano-AlN. The pow-
der surface is highly developed and readily hydrolyses to 
Al(OH)3·nH2O. Although the manufacturer of the powder 
does not inform about it, oxygen can be the residue from 
AlN synthesis route. Nevertheless, oxygen contaminant 
remains low and constant in the studied grains.

Fig. 3  Atomic % of elements 
found out on nano-AlN surface 
by X-ray microanalysis attach-
ment

Fig. 4  TEM micrograph of nano-AlN powder

Fig. 5  XRD diffraction pattern of AlN powder

Fig. 6  Particle size distribution of AlN–isopropanol suspension
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TEM micrograph of nano-AlN powder is depicted in 
Fig. 4. The picture strongly varies from the manufacturer’s 
TEM micrograph (see Fig. 1). As contrasted with AlN in 
Fig. 1, the powder in Fig. 4 has a wide particle size distribu-
tion; nevertheless, the careful analysis of the TEM micro-
graph reveals that some of the largest entities are in deed 
aggregates, not single crystallites. Assessing the Fig. 4, it 
can be clearly stated that the powder particles are not well 
below 100 nm as it has been presented by its manufacturer.

The results of X-ray analysis of nano-AlN powder are 
depicted in Fig. 5. The signals are actually characteristic 
for aluminium nitride; only some negligible and barely 
visible traces of other phases can be spotted. Neverthe-
less; their origin and nature is practically impossible to 
determine. The XRD pattern shows practically no sign of 
nanosized entities in the powder. The peaks are narrow and 
well-shaped; none of them shows a characteristic broaden-
ing of the signal of the finest particles.

Pycnometric density of AlN powder was 3.24 g/cm3, 
which is close to theoretical density of aluminium nitride 
i.e. 3.26 g/cm3.

Specific surface area of the powders calculated on the 
basis of BET isotherm was 1.99 m2/g. The value is rather low 
for a ceramic powder; an average particle size computed from 
SSABET and density (3.24 g/cm3) was 0.93 µm. The value of 
dBET strongly differs from an average particle size claimed 
by the manufacturer of the powder. This evident discrepancy 
can be due to agglomeration of AlN nanopowder. Nitrogen 
molecules adsorb on agglomerates and consequently they are 
interpreted as the primary particles of the powder.

Diluted AlN–isopropanol suspension was prepared to 
determine particle size distribution of as-received AlN 
powder; the graph in Fig. 6 illustrates the issue.

It can be read out that d(0.1) is ca. 2.7 μm, 
d(0.5) = 6.0 μm and d(0.9) = 20.1 μm. Once again, 
the analysis shows a non-nanometric feature of the “nano-” 
AlN. Most probably, its particles strongly agglomerate in 
isopropanol, in spite of strong dilution of the suspension. 
Nevertheless, this unimodal particle size distribution was 
considered as sufficient for the investigation. Minor peak 
0.3 vol% in 200 μm could be caused by technological pro-
cess of the powder production or by hydrolysis in moist air 
during storage. Very high surface energy of the nanopow-
der can lead to agglomeration of the particles which is very 
difficult to reverse by sonication.

3.2  Solid phase loading and temperature impact 
on AlN–PPG 2000 suspensions

Before viscosity measurements of AlN suspensions had 
been taken, viscous behaviour of their dispersive phase was 
studied. The results of the studies have confirmed that PPG 
2000 liquid is a Newtonian fluid. The viscosity of the fluid 
decreases with an increasing temperature; at 20 °C it is ca. 
100 mPa s whereas at 60 °C–20 mPa s [7, 17]. The pow-
der concentration influence on AlN–PPG 2000 viscosity at 
20 °C is presented in Fig. 7. The viscosity of the system 
increased with the increasing solid phase loading at the 
whole shear range, which is similar to literature [9, 24].

All dispersions present very slight shear thinning behav-
iour at the lowest shear rates. When shear rate exceeds ca. 
200/s, the shear thinning behaviour decays and transforms 
into Newtonian-like flow and an “equilibrium viscosity” 
can be read out. The viscosity of 20 vol% AlN–PPG 2000 
system at 1000/s is ca. three times higher than in the case 
of 0.5 vol% AlN–PPG 2000 at 1000/s (1.32 vs. 0.47 Pa s).

Fig. 7  Influence of solid phase 
loading on viscous behavior 
of AlN–PPG 2000 systems at 
20 °C
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The increase of suspension viscosity with an increas-
ing solid phase loading is an obvious phenomenon in such 
systems. Nevertheless, such measurements are necessary to 
optimize solids concentration in as-received dispersions.

The viscosity of the same nano-AlN–PPG 2000 systems 
were also measured at 50 °C (see Fig. 8). Their Newtonian-
like flow is preceded by shear thinning behaviour as it has 
been noticed at 20 °C. The viscosity of AlN–PPG 2000 
systems is strongly temperature-dependent; it decreases 
form ca. 1.32 Pa s (20 vol%, 20 °C, 1000/s) to 0.26 Pa s 
(20 vol%, 50 °C, 1000/s). That strong temperature-depend-
ency is definitely advantageous for these potentially cool-
ing suspensions. When affected by any transported heat, 
the suspensions flow freely cause less resistance. Moreover, 
it is also worth to emphasize that the AlN–PPG 2000 dis-
persions are not shear thickened. The feature rules out such 
a dispersion from any flow-associated applications.

3.3  Thermal conductivity of AlN–PPG liquids

It has been previously studied and discussed that thermal 
conductivity of PPG 2000 liquid is moderate and slightly 
increases with temperature [8, 14]. The values of PPG 2000 
thermal conductivity range from ca. 0.18 to 0.19 W/(m K) 
(at the temperature range from 20 up to 80 °C).

Generally, thermal conductivity of nano-AlN suspensions 
(0.1–20 vol% of ceramic powder, temperature range 20–80 °C) 
do not exceed 0.40 W/(m K) (Fig. 9). Generally, the addition 
of the AlN powder to PPG 2000 increases suspensions conduc-
tivity—when the powder is added, thermal conductivity of the 
suspensions increases up to 106 % of pure PPG 2000 (Fig. 10). 
What is surprising, is that for the 0.1 vol% of AlN the decrease 
of thermal conductivity of suspension was noticed. It might be 

caused by the temperature impact on AlN suspensions with a 
constant solids loading is difficult to specify; thermal conduc-
tivity seems not to be temperature-dependant (Fig. 9).

Figure 10 shows that thermal conductivity enhancement 
strongly increases with increasing solid phase concen-
tration ranging from ca. 18 to nearly 106 %. The highest 
values of thermal conductivity were measured for 20 vol% 
AlN–PPG 2000 fluid; TCE parameter in this case nearly 
exceeded 100 % in all temperature ranges. More specific 
trend is ready to observe when solids loading increases at 
constant temperature—see Fig. 11. Thermal conductiv-
ity of AlN suspensions increases almost linearly at 40 and 
80 °C as solids loading increases.

The phenomenon of the increasing thermal conductivity 
with the increasing solids loading points on the crucial role of 
AlN concentration in heat transfer in the suspensions bulk. The 
AlN loading changes thermal conductivity more evidently than 
any temperature ramp—compare Figs. 9 and 11—it can be 
assumed that in the temperature range between 20 and 80 °C, 
temperature itself does not modify the way of heat transfer. 
Most probably, the heat-transferring effect of AlN structures is 
not temperature—but solids loading—dependant; such a phe-
nomenon has been previously noticed and discussed [7, 17].

3.4  Comparison of measured thermal conductivity 
of nanoparticle: fluid mixtures with theoretical 
results

Obtained thermal conductivity data for four different solid 
loadings (5, 10, 15 and 20 vol%) were compared with theo-
retical calculations. Four models were considered as follow.

Maxwell model can be applied to statistically homoge-
neous and low-volume fraction liquid–solid suspensions 

Fig. 8  Influence of solid phase 
loading on viscous behavior 
of AlN–PPG 2000 systems at 
50 °C
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with randomly dispersed, uniformly sized and non-interact-
ing spherical particles [25]:

where kp and kf is particle’s and fluid thermal conductiv-
ity, k is nanofluid conductivity and φ is volume fraction of 
nanoparticles.

Chen’s [26] modified Hamilton-Crosser model for 
aggregates of nanoparticles:

k

kf
=

kp + 2kf − 2φ(kf − kp)

kp + 2kf + φ(kf − kp) where kp were replaced by ka—aggregates thermal conduc-
tivity and φa = φ(ra/r)

3−D is effective volume of aggre-
gates with ra and r being the aggregates and particles radii, 
D is fractal index of aggregates and has average of 1.8. 
Aggregates thermal conductivity can be determined from 
Bruggeman’s model:

k

kf
=

ka + 2kf − 2φa(kf − ka)

ka + 2kf + φa(kf − ka)

Fig. 9  Thermal conductivity of 
AlN–PPG 2000 suspensions in 
the function of temperature

Fig. 10  Thermal conductivity 
enhancement of AlN–PPG 2000 
liquids at 20, 40, 60 and 80 °C
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Fig. 11  Thermal conductivity 
of AlN–PPG 2000 suspensions 
in the function of AlN loading

Fig. 12  Measured thermal conductivities of AlN–PPG 2000 mixtures versus thermal conductivities calculated from theories
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where φi = (ra/r)
D−3 is solid volume concentration of 

agglomerates. Hashin–Shtrikman model [27] is widely 
used to estimate upper and lower bounds of effectivether-
mal conductivity using formula:

where lower bound is identical to Maxwell model and 
upper bound corresponds to nanocluster matrix with spher-
ical inclusions of fluid regions. A second order formulation 
extended from Maxwell’s model developed by Jeffry is as 
follows [28]:

where α = kp/kf  is particle to fuid thermal conductivity 
ratio and β = (α − 1)/(α + 2).

In the calculations, the thermal conductivity of AlN nan-
oparticles is taken as 280 W/m K and thermal conductivity 
of PPG 2000 according as temperature is in the range of 
0,183 and 0,189 W/m K. The particles radii is 1 µm and 
aggregates 5 µm.

From Fig. 12, it can be clearly seen that the measured 
thermal conductivity is in most cases greater than the value 
calculated using the thermal conductivity theories. The 
mechanism of the great instability of thermal conductiv-
ity of 15 vol% AlN–PPG 2000 versus temperature is still 
unknown. The difference between obtained data and theo-
retical calculations is caused probably by the fact, that the 
theoretical models are focused mainly on statistically homo-
geneous, isotropic composite materials with randomly dis-
persed spherical particles having uniform particle size. This 
suggests that all of the current models, which only account 
for the differences between thermal conductivity of particles 
and fluids, are not sufficient to explain the energy transfer 
processes in nanoparticle–fluid mixtures [29].

4  Conclusions

The paper presents the studies on concentrated nano-
AlN–PPG 2000 dispersions as potentially applicable cool-
ants. Nevertheless, the used powder is not strictly “nano” 
just like its manufacturer ensures. Additionally, the stud-
ies clearly indicates that as-used AlN powder is strongly 
agglomerated. All measured dispersions have Newtonian-
like flow, preceded by minor shear thinning behaviour. 
No dilatancy effect was observed, what is considered to 
be an advantageous feature of the AlN suspensions. It has 
been demonstrated that the viscosity of the nanofluids defi-
nitely increases with an increase of solids concentration. 
Moreover, the viscosity of the dispersions decreases ca. 

kf

(

kp + 2kf − 2φ(kf − kp)

kp + 2kf + φ(kf − kp)

)

≤ k ≤ kp

(

1−
3(1− φ)(kp − kf )

3kp − φ(kp − ko)

)

k = kf

[

1+ 3βφ + φ2

(

3β2 +
3β2

4
+

9β3

16

α + 2

2α + 3
+

3β4

26
+ · · ·

)]

five times with an increase of temperature at the range of 
20–50 °C.

The studies on thermal conductivity indicate that the 
parameter increases almost linearly up with an increase of 
solids concentration in its base fluid. The values of thermal 
conductivity of “nano-”AlN–PPG 2000 suspensions are 
mostly lower than thermal conductivities of micro-AlN–PPG 
425/2000 dispersions [7, 17]. The comparison of theoretical 
calculation with measured data showed a big difference in 
thermal conductivity. Theoretical calculations are focused 
mainly on statistically homogeneous, isotropic composite 
materials with randomly dispersed spherical particles hav-
ing uniform particle size which is significantly simplified. 
Because of early stage of laboratory trials and steady condi-
tions of thermal conductivity measurements there is no clear 
answer of advantages that AlN–PPG 2000 suspensions have 
over other coolants. Such system might behave differently on 
a macro scale and under flow condition.
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