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A B S T R A C T   

This paper analyses the feasibility of using novel non-aqueous stearic acid-in-silicone oil (o/o) phase change 
material lubricating emulsions (PCMLEs). The novel use of these dispersions with heat storage capacity for 
lubricating applications can be considered a new approach since they have not yet been used for such purposes. 
In this study, PCMLEs consist of stearic acid, with a melting point of roughly 69 ◦C, as a dispersed phase change 
material in a continuous silicone oil medium. Samples were prepared by mixing different phase ratios, by high- 
shear processing and stabilised by a constant concentration of a silicone-based non-ionic surfactant. Taking into 
consideration the ability of stearic acid to absorb latent thermal energy during machinery operation, the po
tential application in lubrication has been assessed by means of stationary and temperature ramp friction tests. 
Moreover, the effect of the phase transition on the PCMLEs’ rheological response has been analysed through 
stationary flow tests and frequency sweeps within the linear viscoelastic range at constant temperatures, below 
(40 ◦C) and above (80 ◦C) the melting process of the disperse phase. Additionally, their thermal properties and 
morphology were also studied through X-ray diffraction measurements (XRD), differential scanning calorimetry 
(DSC) and polarised optical microscopy. As a result, the reported rheological properties and microstructure led to 
the enhancement in tribological characteristics of PCMLEs since a significant reduction in the friction factor is 
evidenced, within the whole temperature range, when compared to the silicone oil.   

1. Introduction 

In recent years, there has been an increased emphasis on developing 
high-performance lubricants that can improve the efficiency and 
longevity of machines and equipment. Awareness of the critical 
importance of the use of lubricants in today’s world is growing in the 
metalwork industry, especially in high-temperature applications such as 
in engines, turbines, bearings and other machinery that operate in 
extreme heat conditions where their life cycle is being undermined as a 
consequence of the generated friction and wear [1]. 

The choice of lubricant depends on the specific application, as well as 
factors such as operating conditions, temperature, pressure, and load. 
Thus, the use of mineral oils, one of the most commonly used lubricants 
on the market [2] entails disadvantages in terms of preserving their 
properties for sufficient periods, which, together with the low affinity 
with metal surfaces due to their non-polar characteristics [3], leads the 

lubricant community to look for enhanced formulations that allow the 
life cycle of machinery to be extended. For instance, in high-speed 
rolling processes, the temperature can easily reach 200 ◦C due to the 
high forming pressure [3], seriously affecting those oil-based lubricants’ 
properties due to their oxidation and the protective film rupture in metal 
contacts. 

Within the lubricants used in metalworking, oil-in-water (o/w) 
emulsions have been reported to have good properties helping to 
improve tool life and workpiece quality [4,5]. They show an important 
compromise between the droplets’ stability inside the emulsion, the 
ability to form a protective tribo-film, and the permanent supply to the 
contact area, which is required to get good tribological properties 
reducing friction and wear [6,7]. In this sense, o/w emulsions based on 
highly polar vegetable oils have been proposed by some authors trying 
to solve the compatibility issues with metal surfaces in these applica
tions, providing better cooling and lubrication compared to pure oils, 
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which can be beneficial for high-speed machining operations [8,9]. 
However, those vegetable oils-based emulsions may also have some 
drawbacks compared to other lubricants, such as some derived problems 
related to the generated carbon residues during the process that could 
make cleanliness difficult or affect the surface accuracy of the machined 
part [10]. Moreover, although these emulsions show a high surface af
finity due to their polar components, they also present microbial growth 
and a limited range of temperatures in which they can effectively 
operate in stable conditions [11,12]. Understanding the tribology and 
rheology of emulsions at high temperatures is of principal importance to 
the application of the emulsions. Thus, some emulsion formulations 
have been used in high-temperature applications to provide not only 
lubrication but also cooling, through complex and not very well-known 
destabilisation and evaporation mechanisms of the aqueous phase [13]. 

Accordingly, the development of advanced lubricants, improving 
compatibility with metal, operating stably over a broad range of tem
peratures, as well as in humid and oxidising conditions, remains chal
lenging. To solve these issues, oil-in-oil (o/o) emulsions could be an 
interesting option to explore in this field. This kind of emulsion is widely 
used in cosmetics and pharmaceuticals but their applications in lubri
cation are practically unknown, as there are only a few patents [14]. 

The use of phase change materials (PCMs) in lubrication is another 
emerging area of research that shows promise for improving the per
formance and efficiency of lubricants in various applications [15,16]. 
PCMs are materials that can store and release thermal energy by un
dergoing a phase transition, typically from a solid to a liquid state, at a 
specific temperature [17]. In lubrication, PCMs can be especially 
beneficial in high-temperature applications, where overheating can 
cause premature wear and damage to the machine as they can be used to 
absorb excess heat and maintain a more stable operating temperature, 
which can improve the overall performance and reliability of the system. 
To the best of our knowledge, there are only a few studies investigating 
the development of novel lubricant formulations that incorporate PCMs 
and those studies are extremely recent. They incorporate PCM to form 
composites, either by injecting it directly into a porous matrix [18] or 
through the incorporation of microcapsules into an elastomeric matrix 
[15], but none of them use emulsion-based technologies. 

Therefore, the incorporation of PCM, as the disperse phase, to 
formulate the so-called phase change material lubricating emulsions 
(PCMLE), would allow to open the path to a new approach for lubri
cating applications. Then, PCMLEs will combine the advantages of o/o 
emulsions such as thermal and chemical stability, at high temperatures, 
with improved heat storage capacity of the PCM, better heat transfer 
rate associated with the larger specific surface area and adequate 
pumpability [19]. In general, non-aqueous phase change material 
emulsions have only recently been investigated by the authors for their 
use in energy storage applications [20] and, as far as we know, it has 
never before been studied for lubrication purposes. 

In a very recent study [21], despite the lack of information regarding 
that kind of emulsions, the authors successfully reported a fully stable 
PCM dispersion, stearic acid-in-silicone oil emulsion, with potential as a 
lubricant for high-temperature applications, together with the capability 
of storing and releasing thermal energy. In particular, silicon oil-based 
lubricants have been previously reported as thermally stable mate
rials, more specially polydimethylsiloxane (PDMS) silicone oil has 
proven to be an excellent alternative as an external lubricant coating in 
stainless-steel contacts with outstanding tribological characteristics, at 
high shear rates [22]. Moreover, the use of stearic acid as the dispersed 
phase of the emulsion is also advantageous since, as saturated fatty acid, 
it has been previously employed as a significant lubricating additive to 
reduce wear and friction in tribological contact [23]. Thus, in addition 
to the improvement in chemical compatibility with metal surfaces, the 
phase change process of the dispersed phase, at 69 ◦C, would help to 
decrease the surface temperature of a bearing, improving its perfor
mance and reducing the risk of failure. 

Therefore, the focus of this research was the thermorheological and 

tribological assessment of novel PCMLE in pursuit of feasible lubricating 
material. For that purpose, PCMLEs bearing different proportions of 
dispersed stearic acid were subjected to a comprehensive characterisa
tion, comprising tribological stationary and temperature ramps, rheo
logical flow tests and small amplitude oscillatory shear analysis, as well 
as thermal, microstructural and morphological evaluation. 

2. Materials and methods 

2.1. Materials 

Oil-based phase change material lubricating emulsions (PCMLEs) 
encompass phase change material’s (stearic acid) droplets dispersed in a 
continuous oily phase (silicone oil) by using a selected stabilizer (sur
factant). Thus, stearic acid (SA), whose melting temperature is centred 
at 69 ◦C, provided by Sigma-Aldrich (Spain) forms the disperse phase. A 
selected industrial low-viscosity silicone oil, ESQUIM FH-100 (poly
dimethylsiloxane - PDMS, viscosity 0.1 Pa⋅s at 25 ◦C) was supplied by 
Esquim S.A. (Spain) and regarded as the continuous phase. PCMLEs 
were stabilized by a silicone-based non-ionic surfactant, ABIL Care XL80 
(Bis-PEG/PPG-20/5 PEG/PPG-20/5 Dimethicone (and) Methoxy PEG/ 
PPG-25/4 Dimethicone (and) Caprylic/Capric Triglyceride; HLB calcu
lated = 11), which was purchased from Evonik Nutrition & Care GmbH 
(Germany). 

2.2. Sample preparation 

PCMLEs were prepared following the emulsification process previ
ously detailed in [21]. In brief, all compounds were firstly pre- 
conditioned at 80 ◦C, aimed at ensuring the liquid state of stearic acid. 
Afterwards, the surfactant was dissolved in silicone oil, with the sub
sequent dropwise addition of molten stearic acid, according to the 
proportions established in Table 1. These mixtures were subjected to 
simultaneous homogenisation under high shear conditions (20000 rpm) 
by using an Ultra-Turrax T25 homogeniser (IKA, Germany). 

2.3. Methods 

2.3.1. Rheological characterisation 
The rheological response of the developed PCMLEs was studied at 

the temperatures of 40 and 80 ◦C, below and above the crystallisation/ 
melting points of the stearic acid. First, rotational viscous flow analyses 
were conducted within the shear rate range from 0.01 up to 100 s− 1, 
using a controlled-strain Ares-G2 rheometer (TA Instruments, USA), 
fitted with a smooth Couette geometry (cup diameter of 30 mm, bob 
diameter of 27 mm, bob length of 42 mm), with an operating gap of 2 
mm and a Peltier temperature control system. Small Amplitude Oscil
latory Shear (SAOS) tests were also carried out at 40 ◦C, in a controlled- 
stress rheometer Physica MCR 501 (Anton Paar, Graz, Austria), between 
the frequency range from 0.03 to 100 rad⋅s− 1, using a plate-plate ge
ometry (50 mm diameter, 1 mm gap) within the Linear Viscoelastic 
Region (LVR) evaluated in previous Stress Sweep experiments con
ducted at 1 Hz. 

2.3.2. X-ray diffraction measurements (XRD) 
The crystalline structure of pure stearic acid and the PCMLE were 

Table 1 
Compositions of PCMLEs.  

Sample Weight ratio of 
Silicone Oil to 
Stearic acid 

Silicone Oil 
(wt.%) 

Stearic 
acid (wt.%) 

Surfactant 
(wt.%) 

SA10 90/10 = 9  89.11  9.90  0.99 
SA5 95/5 = 19  94.53  4.98  0.49 
SA1 99/1 = 99  98.90  1.00  0.10  
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analysed using a D8 Advance X-ray diffractometer (Bruker-AXS, Ger
many) at room temperature (25 ◦C). The X-ray diffraction pattern was 
obtained under the following instrumental conditions: 30 mA, 40 kV, 
angle 2θ: 4◦ and 59.9◦, step size = 0.019◦. A copper Kα/K target (λ =
1.54) was used for the generation of the X-rays. All the samples were 
prepared by placing a small amount on a supporting glass slide of 25 ×
25 mm2, which was heated over stearic acid melting temperature (80 ◦C) 
to flatten and obtain approximately 1 mm-thick film followed by cooling 
to room temperature. Afterwards, the sample-containing slide was 
located at the centre of a metal holder, externally shaped to be allocated 
in the instrument. 

2.3.3. Differential scanning calorimetry (DSC) 
The thermal properties of the anhydrous PCMLEs were evaluated in a 

differential scanning calorimeter DSC250 (TA Instruments, USA). Her
metic aluminium pans, loaded with 5–10 mg of emulsion, were heated 
up to 30 ◦C and subsequently submitted to a double heating–cooling 
cycle from 30 to 80 ◦C, with a scan rate of 1 ◦C⋅min− 1, under inert purge 
of nitrogen (50 mL⋅min− 1). All thermal events, mainly melting and 
crystallisation processes were identified and characterized from the 
resulting thermograms. Therefore, the following parameters were esti
mated: the crystallisation/melting onset-temperatures (Tc

onset, Tm
onset) 

were obtained from the intersection point of the extrapolated baseline 
and the inflectional tangent at the beginning of the crystallisation/ 
melting peaks from the cooling/heating scans; the crystallisation/ 
melting peak-temperatures (Tc

peak, Tm
peak) was regarded as the tempera

ture ascribed to the largest deviation of the heat flow signal from the 
virtual baseline; the crystallisation/melting enthalpies (ΔHc, ΔHm) were 
determined by the numerical integration of the area enclosed within the 
crystallisation/melting peaks. 

2.3.4. Tribological characterisation 
Tribological properties of the formulated PCMLE were evaluated in a 

Physica MCR 501 controlled-stress rheometer (Anton Paar, Graz, 
Austria) coupled with a ball-on-three-plates tribological cell [24]. The 
experimental setup comprises a lower measuring geometry with three 
45◦-inclined steel plates (1.4301 AISI 304, 0.21 μm roughness, 80 HRB 
hardness) where the PCMLEs were placed, together with an upper 
measuring geometry fitted with a fixed 6.35 mm-radious bearing ball 
(1.4401 grade 100 AISI 316). Such ball-on-three-plates configuration 
enables the friction coefficient (f) determination as the ratio between the 
applied normal force (FN) and the measured friction force (FF) (see 
Equation (1). 

f =
FF

FN
(1)  

Therefore, the stationary friction coefficient of all formulated emulsions 
on steel-steel contact was evaluated over time at constant temperatures 
(40 and 80 ◦C), under 20 N of FN and at the rotational speed of 10 rpm. 
Such sliding velocity was selected to compare the stationary friction 
coefficients of the different emulsions under the same test conditions. 
Additionally, tribological heating and cooling temperature ramps from 
40 to 100 ◦C and the other way around, were also performed by applying 
20 N of FN and 1 ◦C⋅min− 1 of heating/cooling rate. At least five replicates 
of each tribological experiment were carried out on fresh samples, 
establishing a duration of measurement per point of 120 s to ensure 
stationary friction values. 

2.3.5. Optical microscopy 
An Olympus System Microscope BX52 (Japan) fitted with a light 

polarizer and an Olympus Digital Camera C5050Z with an objective of 
4x were used to analyse the morphology of the prepared PCMLE before 
and after the previously detailed tribological temperature ramps tests at 
room temperature. However, due to the abrasive wear mechanism ob
tained after friction tests on steel-steel contact, this morphological 

characterisation was carried out after performing the tribological tem
perature ramps tests on PMMA-steel contact. Thus, the lower measuring 
geometry with three 45◦-inclined steel plates was replaced by PMMA 
plates with similar characteristics to the former to prevent metal wear 
and the subsequent presence of metallic particles in the formulations. 
After tribological measurements, PCMLEs were carefully poured into the 
sample holder (76 × 26 mm), obtaining the optical images under ordi
nary and cross-polarized light. 

Additionally, evaluation of the friction tracks remaining on the steel 
plates upon conducting stationary tribological experiments at both 
temperatures (40 and 80 ◦C) was also conducted by using optical mi
croscopy at 4x magnification. The ensuing track values are reported as 
the average resulting from the three steel plates after running six 
replicates. 

3. Results and discussion 

3.1. Crystalline structure of the disperse phase 

The knowledge of the crystalline structure of dispersions is of para
mount importance for the proposed application, because it is directly 
related to the energy storage capacity since a large crystallinity will lead 
to a high phase change enthalpy [25]. In this sense, Fig. 1 shows the 
wide-angle XRD patterns of pure stearic acid (Fig. 1A) and stearic acid- 
in-silicone oil emulsions (Fig. 1B), which provides information about the 
crystal morphology of the samples. 

For pure stearic acid (Fig. 1A), the XRD pattern is characterised by 
the presence of several well-defined peaks, where those placed at 2Θ =
21.6◦ and 24.0◦ are attributed to interplanar spacings of ordered mol
ecules, pointing out its crystalline state [26,27]. Therefore, the melting 
and crystallization of stearic acid crystals, presented in DSC 

Fig. 1. XRD patterns of a) pure stearic acid and b) non-aqueous phase change 
material lubricating emulsions (PCMLEs). 
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thermograms (Fig. 2), are responsible for the thermal energy storage and 
release during heating and cooling. 

Concerning PCMLEs, on the one hand, XRD spectra display a large 
diffraction halo at around 12◦ (Fig. 1B) which is ascribed to the 
continuous silicone oil phase of the emulsion, since similar profiles have 
been reported for amorphous polydimethylsiloxane elsewhere [28,29]. 
On the other hand, for all PCMLEs, the same conspicuous diffraction 
peaks attributed to the stearic acid can be noticed as well, but with in
tensities proportional to the disperse phase ratio. Particularly, the 
mentioned maxima corresponding to the interplanar spacing of stearic 
acid (21.6◦ and 24.0◦), were not shifted with concentration, a fact that 
points out that the stearic acid exists in its crystalline form in all 
emulsions, even for the least concentrated one, at room temperature. 
These results also indicated that the internal crystal structure of stearic 
acid was not affected during the emulsification process [30]. 

This is consistent with the results obtained in the DSC measurements 
(Fig. 2 and Table 2) where it can be observed that the normalised en
thalpies of the stearic acid, in the emulsion were practically unaffected 
and hence the total crystallinity. However, Fig. 2 and Table 2 point out a 
clear decrease of phase change temperatures (Tm

peak and Tc
peak) when 

disperse phase concentration does, a fact that reveals partial compati
bility of crystal structures of stearic acid with silicone oil and surfactant. 
Therefore, even though stearic acid crystal spacing is unaltered after 
emulsification i.e. disperse phase presents similar nano-scale 
morphology, this outcome is usually attributed to the partial disrup
tion of the micro-crystalline structure, as a consequence of the high 
shear processing, which led to smaller size of crystals formed [21]. 

It is worth mentioning that, according to DSC results, solid stearic 
acid crystals are present after cooling emulsions, below the phase 
change interval and, therefore, led to the development of a suspension of 
solid structures. By contrast, above the melting interval, liquid melted 
droplets dispersed in the silicone phase would form a genuine emulsion. 
Therefore, although the concept of phase change material emulsion is 
extensively accepted, and so used along this paper, strictly speaking, it 
would be more appropriate to use a more generic term as dispersions of 
PCM. 

3.2. Rheological behaviour 

Formulated PCMLEs were characterised under Small Amplitude 
Oscillatory Shear (SAOS) conditions at 40 ◦C, below the crystallization 
temperature of the disperse phase. Fig. 3 collects the resulting complex 
modulus (G*) and loss tangent (tan δ = G’’/G’) as a function of applied 
frequency. According to this figure, under these conditions, all stearic 
acid-based dispersions exhibited a gel-like behaviour, typically 

characterised by a predominant elastic response (tan δ < 1) and a 
minimum value of loss tangent (see Fig. 3B), while complex moduli 
showed an almost negligible reliance on the frequency magnitude. 

However, as previously reported [21], both linear viscoelastic re
sponses and gel stiffness are strongly concentration-dependent. This 
effect is especially remarkable when rising the disperse phase content 
from roughly 1 up to 5 wt%, since it led to a significant increase in G* 
values from 57 Pa up to 3.5⋅105 Pa (at 1 rad⋅s− 1) and, therefore, to gels 
with a more structured supramolecular network. Further the addition of 
stearic acid, from 5 to 10 wt%, imparted the PCMLE with a stronger gel- 
like structure, at 40 ◦C, with larger G* values and a clear loss tangent 
minimum (see Fig. 3B). This rheological behaviour is a consequence of 
the development of a three-dimensional network of crystallised stearic 
acid particles which are physically interconnected with each other [21]. 
By contrast, at low stearic acid content (SA1), a much weaker structured 
network is revealed by its viscoelastic response, with the lowest G* 
values and the presence of a shoulder in loss tangent rather than a 
minimum [31]. 

The flow behaviour of the PCMLEs was also evaluated under steady- 
state conditions at 40 and 80 ◦C, i.e., below and above the phase change 
of the stearic acid. Fig. 4 displays the ensuing steady-state flow curves 
for all the stearic acid-based dispersions, i.e., the apparent viscosity (η) 
versus shear rate (γ̇). As expected, stationary viscosity values of PCMLEs, 
at 40 ◦C, are very sensitive to the disperse phase concentration, as in the 
case of SAOS measurements. In addition, is noteworthy that the melting 
of the continuous phase (see 80 ◦C curves in Fig. 4) dramatically 
modified the rheological response. Then, at 40 ◦C, regardless of the 
dispersed phase content, a sharp non-Newtonian behaviour can be 
observed, while a Newtonian response, with similar values among 
samples, is evidenced at 80 ◦C upon melting of the stearic acid [21]. As 
an example, in the case of dispersion SA10 the apparent viscosity 
recorded at 1 s− 1 decreased from around 133.44 up to 0.032 Pa⋅s when 
heating to 80 ◦C (see Fig. 4). 

Additionally, the applicability of the empirical Cox-Merz rule (see 
Equation (2) was also analysed, according to which oscillatory complex 
(η*) and apparent (η) viscosities can be superimposed at equivalent 
frequency (0.01–100 rad⋅s− 1) and shear rate (0.01–100 s− 1) values, i.e., 
γ̇ = ω [32,33], which is particularly useful to overcome the occurrence 
of likely experimental limitations [32,34]. 

η(γ̇) = η*(ω) (2) 
Fig. 2. Heating and cooling DSC scans at 1 ◦C⋅min− 1, for pure stearic acid 
and PCMLEs. 

Table 2 
Physicothermal properties of stearic acid and PCMLEs after applying tribo- 
temperature tests.  

CRYSTALLIZATION 

DSC Friction curves  
* 

Sample Tc
onset 

(◦C) 
Tc

peak 

(◦C) 
ΔHc (J/g) ΔHc (J/g SA) Tc

frict (◦C) 

Stearic 
Acid 

64.6 64.7 225.2 225.2 – 

SA10 64.1 64.1 21.2 213.8 72.7 
SA5 61.3 60.8 10.4 208.6 69.6 
SA1 56.6 55.9 1.8 180.2 51.1  

MELTING 
DSC Friction curves 

* 
Sample Tm

onset 

(◦C) 
Tm

peak 

(◦C) 
ΔHm (J/ 
g) 

ΔHm (J/g 
SA) 

Tm
frict (◦C) 

Stearic 
Acid 

67.1 68.6 223.2 223.2 – 

SA10 65.7 67.4 22.0 221.9 52.2 
SA5 61.3 66.3 10.5 210.6 59.3 
SA1 55.0 63.8 1.1 112.1 54.0  

* Tm
frict and Tc

frict were calculated from tribo-temperature curves (Fig. 9). 
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As can be deduced from Fig. 4, at 40 ◦C, the pseudoplastic behaviour of 
the stearic acid-based dispersions was also observed under SAOS con
ditions. However, the complex viscosity remained markedly superior to 
the steady-state counterpart, within the whole experimental range. As 
established in previous studies [34–37], such departure from the con
ventional Cox–Merz rule might be ascribed to the disruption of the 
microstructure as a consequence of the severe strain magnitude during 
the steady-state experiment, against small amplitude considered in the 
frequency sweeps, typically conducted in the pre-yield region. 
Furthermore, the magnitude of the deviation appeared to be more 
remarkable when raising stearic acid content above 1 wt%, which is 
related to the mentioned development of a network of interacting par
ticles [38]. In this concentration range, the much higher values of 
complex viscosities compared to steady-shear ones is a typical response 
of weak-gel networks which can withstand small oscillatory de
formations but rupture under higher shear deformation in flow tests. 

Consequently, to correlate both apparent and complex viscosities, 
which have been plotted in Fig. 5, the generalized Cox-Merz rule has 
been considered in this study [34,37,38]. 

η* = C⋅ηα (3)  

where C and α are experimental parameters, which are gathered in 
Table 3. According to the results, despite the inadequacy of the con
ventional Cox-Merz model for the considered PCMLEs, the introduction 
of the shift factor C and the power index α allowed to provide a proper 
correlation between both viscosities, for the evaluated PCM suspensions 
with a disperse phase content ranging from 1 up to 10 wt%, which can be 
confirmed by the appropriate regression coefficients (R2 = 0.99). 

On the other hand, the fitting parameter C is only slightly increased 
when raising the stearic acid proportion above 5 wt%, while experi
encing a dramatic drop of around 99.9 % below that critical concen
tration (see Table 3), thereby evincing the significantly higher 
structured network developed in SA10 and SA5, at 40 ◦C. Similarly, α 
presented values close to 1, at the higher disperse phase content, while 

Fig. 3. SAOS analysis results for all PCMLEs at 40 ◦C as a function of frequency, including a) complex modulus (G*) and b) loss tangent (tan δ).  

Fig. 4. Complex viscosity (η*), at 40 ◦C, and steady-state apparent viscosity (η), 
at 40 and 80 ◦C, for the formulated phase change emulsions. 

Fig. 5. Correlation between complex (η*) and apparent (η) viscosities, at 40 ◦C.  

C. Delgado-Sánchez et al.                                                                                                                                                                                                                     



Journal of Molecular Liquids 399 (2024) 124481

6

increasing around 70 % for lower disperse phase concentrations, 
therefore, revealing the higher susceptibility of its η* to the corre
sponding steady-state properties. 

Consequently, values of the empirical parameters from the general
ised Cox-Merz model can therefore be used to estimate steady shear 
properties from small amplitude oscillatory shear measurements for all 
PCMLEs at 40 ◦C. 

3.3. Tribological and thermo-physical properties 

Fig. 6 shows the stationary friction coefficient curves of all PCMLEs 
when subjected to a constant normal force of 20 N and a rotational speed 
of 10 rpm for 10 min. In this study, two different temperatures (40 and 
80 ◦C) were applied while testing to evaluate the tribological behaviour 
of these emulsions, upon crystallisation of the dispersed phase and in its 
molten state. As previously established, silicone oil by itself usually 
exhibits poor tribological characteristics, with relatively high friction 
coefficients in comparison with other lubricating oils [39,40]. 

Interestingly, as can be deduced from Fig. 6, a significant reduction 
in friction coefficients was appreciated when using PCMLEs in tribo
logical contact at both temperatures. Therefore, an improvement of the 
tribological characteristics was obtained when dispersing stearic acid in 
this oil, resulting in a remarkable drop in the friction coefficients 
together with the energy storage capabilities [41]. In general terms, it 
should be noted that a temperature rise from 40 to 80 ◦C, led to a sig
nificant decrease in the friction coefficients. This outcome is attributed 
to the melting of the crystallized stearic acid (solid dispersions) that 
gave rise to the appearance of liquid droplets in emulsions at 80 ◦C. 

In addition, some differences in the friction values can be noticed 
when modifying the amount of stearic acid used to formulate them. As 
can be expected, the friction coefficients should be decreased as the 
viscosity of emulsions increases since a thickened formulation would 
lead to higher hydrodynamic pressures, thus promoting the entrain
ments of droplets into the tribological contact [42]. However, for the 
measurements performed at 80 ◦C, the values of the friction coefficients 
were reduced with stearic acid concentration but no differences in vis
cosity were detected (Fig. 4). In those systems, at 80 ◦C, the disperse 
phase remains in its molten state, favouring a non-flocculated dispersion 
of spherical droplets within the continuous phase, where the relatively 

low volume fraction of stearic acid does not modify the emulsion flow 
characteristics [21]. This indicates that the tribological behaviour is not 
only affected by the viscous properties of materials but also by the 
emulsion microstructure. On the one hand, taking into account that the 
liquid stearic acid, at 80 ◦C, presents the lowest friction coefficient, an 
increase of the disperse phase concentration of the emulsion is expected 
to progressively improve the lubricity, as it has been reported for water- 
based emulsions [43,44]. On the other hand, the droplet size of the 
disperse phase of the emulsion exerts a notable influence on friction and 
wear. In this sense, as pointed out by Wang et al. [42], larger droplet 
sizes could decrease friction as a consequence of the greater ease of 
being squeezed and entrained into the tribological contact, inducing 
coalescence and forming the protective friction film more easily. 
Therefore, the lowest emulsion friction values (0.08) were obtained for 
those PCMLEs containing a 10 wt% of disperse phase with a diameter of 
droplets of 6.58 μm [21], where the protective film is more quickly 
generated, hence diminishing friction. Conversely, a lower concentra
tion resulted in smaller droplet diameters (3.41 μm), as in the SA1 sys
tem, generating higher friction in the tribological contact (friction 
values of 0.15). 

Nonetheless, at 40 ◦C, i.e., at temperatures below its crystallization 
point, a different trend in the friction behaviour was identified, despite 
the low friction coefficients obtained. In this case, as it has been previ
ously mentioned, stearic acid remains crystalline leading to a gel-like 
behaviour and a significant increase in the viscosity of the system 
(Fig. 4). Thus, an increase in the amount of stearic acid gives rise to a 
decrease in the friction coefficients, which is in accordance with the rise 
of emulsion viscosity at 40 ◦C. Such crystalline structure brings about a 
major effect on viscosity for the most concentrated emulsions (SA10 and 
SA5). Thus, lower friction values were obtained for SA10 formulation 
(0.16) than those shown by suspensions comprising 5 wt% of disperse 
phase in its crystalline state (0.19 for SA5) due to the formation of 
stronger microstructural networks. Moreover, stearic acid provides a 
high affinity to metal surfaces due to the existence of polar components 
in its chemical structure, which favours adherence to tribological con
tact. Thereby, a thicker tribo-film would be formed with higher weight 
fractions of stearic acid, providing a higher separation between the 
tribological contact and obtaining a uniform decrease in the friction 
coefficient [10,23]. An unusual behaviour was displayed for SA1, which 
showed the lowest friction value (0.14) despite containing a smaller 
amount of crystalline phase. However, the markedly different rheolog
ical properties and microstructure could produce a different hydrody
namic lubrication regime, which may make it not directly comparable to 
the others. Then, the much lower number of crystals in the SA1 emul
sion, coupled with the friction-generated heat in a tribological contact, 
would explain this decrease in the friction coefficients. 

Table 3 
Generalized Cox-Merz fitting parameters for the studied PCMLEs.  

PCMLE C α R2 

SA10 7429.57 ± 212.76 0.92 ± 0.01  0.99 
SA5 5250.12 ± 670.76 1.07 ± 0.02  0.99 
SA1 7.82 ± 0.19 1.52 ± 0.01  0.99  

Fig. 6. Stationary friction coefficients (f) of all formulated emulsions at a) 40 ◦C and b) 80 ◦C.  
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Concerning the wear of the metal surfaces, Fig. 7 shows the scar 
diameters obtained after performing the stationary friction tests under 
constant load and sliding speed for 10 min. This wear is plotted as a 
function of the concentration of the disperse phase, comprising the 
phase change emulsions at two different temperatures (40 and 80 ◦C). 
For tests carried out at a low temperature, the existence of solid particles 
in the oil suspensions could lead to an increase in wear, in comparison 
with those shown by pure silicone oil, as a consequence of particle 
sliding during shear [45,46]. However, raising the concentration of 
stearic acid fosters the achievement of a more structured supramolecular 
network and an increase in the tribo-film viscosity [21], which, together 
with the greater number of polar groups and their affinity to metal 
surfaces, allows for reduced wear [10]. However, as well as the friction 
coefficients, SA1 formulation resulted in lower wear scar diameter 
values, probably due to lower concentration of the disperse phase. 
Despite this, SA1 formulation displayed noticeable differences in wear 
surface in comparison with the samples comprising higher amounts of 
stearic acid. As can be seen in Fig. 8, although all formulated dispersions 
exhibited abrasion characteristics, a lower wear diameter but with wide 
furrows and dark grooves with deep craters were obtained for suspen
sion containing the lower amount of crystalline phase. In this case, metal 
particles dispersed freely into emulsion can easily get into the contact 
zone contributing to wear and generating abrasions [47,48]. 

Likewise, at high temperature, the wear scar diameters were reduced 
as the amount in the disperse phase concentration increased. In these 
formulations, although the viscosity of samples was quite similar to 
those found by the pure silicone oil at this temperature (80 ◦C) [21], the 
wear diameters decreased as a consequence of the easy formation of the 
wear-protective tribo-film [42]. Thus, larger droplets inducing coales
cence and squeezing and entraining into the lubricant contact were 
obtained when adding a concentration of dispersed phase higher than 5 
wt%, easily generating a tribo-film that covers the metal surfaces and 
provides a noticeable decrease in wear. 

On the contrary, SA1 formulation showed a high wear scar diameter, 
even larger than that shown by the continuous phase, which can be 
attributed to the relatively low amount of stearic acid forming the non- 
flocculated dispersion. In this case, the smaller size droplets, which 
would need extra time to form the wear-protective tribo-film, produced 
relatively high friction at 80 ◦C (see Fig. 6), causing abrasion wear on the 
metal surface and squeezing out metal particles from the contact zone. 
These expelled particles could accumulate around the edge of the wear 
scar as a consequence of the low viscosity of the systems, thus enlarging 
the scar diameter [48]. Finally, the PCMLE comprising the highest 
concentration (10 wt%) of crystalline phase showed the lowest wear scar 

diameter, also displaying a smoother wear surface with softer abrasion 
as a result of the fast formation of the protective film adhered to the 
tribological contact. 

Additionally, the effect of the phase change process and the recovery 
capacity of these formulations during friction were studied by applying 
tribological tests under heating and cooling temperature ramps in the 
40–100 ◦C range and compared with DSC scans both performed at 
1 ◦C⋅min− 1. Fig. 9 shows the friction coefficients of the different PCMLEs 
and their base components when applying 20 N of FN, 10 rpm of velocity 
and 1 ◦C⋅min− 1 of heating/cooling rate. Moreover, although the Stribeck 
curves have not been described in this work, a rough estimation of the 
Sommerfeld parameter [49] could be obtained by fixing normal load 
and sliding velocity during the test. Therefore, taking into account that 
stationary friction values were obtained under these constant condi
tions, the frictional behaviour of these materials could be analysed as a 
function of both the viscous properties of each formulation and the 
prevailing lubrication regime [50]. In general terms, as determined in 
stationary friction tests, friction coefficients of PCMLEs were notably 
lower than those obtained by the pure silicone oil in the whole range of 
temperatures studied. Moreover, these values were drastically reduced 
as temperature raised, and vice versa, which could be related to two 
simultaneous phenomena, i.e., the melting/crystallisation of the 
dispersed phase with modifying temperature and the shifting 
throughout the different regimes of the Stribeck curve. In addition, as 
previously mentioned, rheological data pointed out a clear dependence 
of viscosity on the melting and crystallisation point of the stearic acid 
[21]. In this way, relatively high friction values were obtained for all 
systems when applying low temperatures, which match with the 
melting/crystallisation point of stearic acid obtained in DSC tests 
(Table 2), providing a higher value of Sommerfeld parameter due to the 
higher viscosity of these formulations at low temperatures. In this case, 
the Boundary regime could be dominant in these temperature ranges, 
since relatively constant friction values were attained. However, as the 
temperature increased and the sliding was maintained, the stearic acid 
on the contact surface melted due to the effect of friction heat and 
temperature increase, which resulted in lower friction coefficients. This 
is strongly influenced by the viscosity drop of several orders of magni
tude that probably yields the shift to the mixed lubrication regime where 
the friction coefficient is reduced [51]. Nonetheless, although the fric
tion coefficient was variable throughout the temperature range studied, 
it is noteworthy that after the heating and cooling cycles, the systems 
were able to recover their tribological properties upon their phase 
change, thus indicating great stability from the point of view of their 
friction characteristics. 

Fig. 7. Wear scar diameters obtained after tribological tests conducted at a different temperature, taken from Fig. 8: a) 40 and b) 80 ◦C.  
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Regarding the effect of disperse phase concentration, several differ
ences can be also detected in the tribological curves. As previously 
stated, thermal characterisation was conducted on fresh PCMLEs and the 
effect of friction over the onset of melting (Tm

onset) and crystallisation 
(Tc

onset) points, and their corresponding enthalpies (ΔHm, ΔHc) is the 
subject matter of this study. Consequently, as can be seen from the 
thermal results collected in Table 2, the peak and onset melting and 
crystallisation temperatures (Fig. 2), as well as their corresponding en
thalpies have been calculated from DSC tests. 

Furthermore, it is important to note that, a more pronounced shift in 
both phase change temperatures (from 9 to 12 ◦C), was appreciated in 
tribological temperature ramps in comparison with DSC data i.e. 
without shearing (see Tm

onset, Tc
onset, Tm

frict, Tc
frict in Table 2). This effect is in 

line with two observations which have a particular impact on the latter 
emulsion. Firstly, it is consistent with the idea that the protective barrier 
formed by silicone oil and surfactant slows down the process of crys
tallisation and melting. Secondly, a similar trend of reduced phase 
change temperatures and enthalpies was found in multiple thermal 
reliability studies on stearic acid after intense processing, which is the 

case for tribological testing [52,53]. On the other hand, as it is well 
known, the effect of shear/friction can significantly disturb the way 
crystals grow and melt, leading to changes in their thermal character
istics. Therefore, this result clearly indicates that the high shear rate in 
tribological tests exerts an evident contribution to the increase in the 
crystal nuclei density [54]. In addition, extra energy can be provided by 
this friction, which promotes both crystallisation and melting mecha
nisms and modifies their thermal points to early stages due to the easy 
particle diffusion under friction [55]. 

3.4. Optical microscopy 

The influence of the tribological process on the crystal’s formation in 
PCMLEs was also studied by optical microscopy analysis. Micro- 
morphology images were taken at room temperature over the fresh 
samples and upon application of tribological-temperature hea
ting–cooling ramp tests on PMMA plates. Thus, Fig. 10 shows the optical 
images with/without cross-polarised light for the three PCMLEs with 
different disperse phase concentrations, aimed at identifying the effect 
of friction force on the formation of crystalline structures, which can be 
seen as bright regions under cross-polarisers. Albeit the influence of the 
stearic acid concentration in PCMLE, detailed in a previous publication 
[20], the effect of friction on the crystallisation process of these emul
sions was further evaluated in this research. 

Firstly, according to the optical micrographs, the multiphasic nature 
of emulsions is revealed, with different shapes of the disperse phase that 
evolve from globular to needle-like or rod-like structures, depending on 
the disperse phase concentration. On the other hand, by inspecting the 
same samples under cross-polarized light in prior tribological tests 
(before shear), self-assembled crystalline structures are progressively 
developed for systems bearing PCM content above 1 wt% (SA5 and 
SA10). Then, this three-dimensional crystalline network is responsible 
for the previously reported gel-like behaviour, that would explain the 
observed rheological properties. 

A more remarkable effect could be noted after conducting tribolog
ical tests as shown in Fig. 10. In this regard, the performance of the 
heating–cooling tribological temperature ramps over the formulated 
PCMLEs expectedly resulted in significantly lower crystallite sizes [56]. 
Consequently, over the course of these tribological measurements, not 
only liquid-to-solid phase change would likely alleviate the detrimental 
effect of the overheating generated in the tribological contact, but also 

Fig. 8. Wear scar images obtained by optical microscopy after tribological tests.  

Fig. 9. Friction coefficients (f) of the different PCMLEs and their base com
ponents when applying tribological tests under heating and cooling tempera
ture ramps. 
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the crystallite breakdown may contribute to the energy dissipation 
process. Therefore, bearing in mind the generally lower friction coeffi
cient and the larger tribo-film viscosity ascribed to SA10, the energy 
required to be dissipated throughout its tribological characterisation 
might be relatively lower than that corresponding to PCMLEs bearing 
lower stearic acid proportions, hence yielding reduced wear scar values 
and larger crystallites after completion of the tribological experiment 
(see Fig. 7). On the contrary, owing to the likely occurrence of abrasion 
wear during friction when considering emulsion SA1, as well as its su
perior frictional coefficient, an increase in the friction-generated energy 
within the tribological contact could be expected, resulting in smaller 
crystal size accordingly. 

In general, it is noteworthy that, despite the high shear process 
endured during the friction tests, there is no observed emulsion desta
bilization (indicating irreversible structural changes) afterward. Instead, 
only a rearrangement of the microstructure is evident, underscoring the 
remarkable stability of lubricating emulsions. 

4. Conclusions 

Stable PCMLEs, composed of a dispersed stearic acid in silicone oil 
were successfully stabilised with an adequate non-ionic surfactant to be 
used as a novel lubricant with improved thermal characteristics. The 
reported rheological properties result in being strongly dependent on 
disperse phase ratio and testing temperature. Thus, at 40 ◦C, i.e. below 
the melting point of the disperse phase, stearic acid remains in a crys
talline state and SAOS discloses a clear gel-like behaviour for disperse 
phase ratios equal to more than 5, as a consequence of the development 
of a three-dimensional network of crystal structures, whereas a much 
weaker structured network is noticed at lower ratios (SA1). However, 
the observed strong deviation of the empirical Cox-Merz revealed from 
the comparison with stationary flow tests and tribological tests pointed 
out a high susceptibility to shear and the weakness of the developed 
network, as demonstrated by optical observations. On the contrary, at 
80 ◦C, i.e. above the melting interval of stearic acid, liquid melted 
droplets are dispersed in the silicone phase, leading to a low viscosity 

Newtonian behaviour almost independent of concentration. 
The reported rheological behaviour and developed microstructure 

led to a remarkable improvement of the tribological characteristics since 
PCMLEs friction coefficients are lowered compared to silicone oil. In 
addition, the melting of the disperse phase also gave rise to a significant 
decrease in the friction coefficients. Finally, the heat storage capacity of 
PCMLEs contributes to the delay of the phase change temperate in the 
tribological temperature ramp test. 
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[53] A. Sari, A. Biçer, Ö. Lafçi, M. Ceylan, Galactitol hexa stearate and galactitol hexa 
palmitate as novel solid-liquid phase change materials for thermal energy storage, 
Sol. Energy 85 (2011) 2061–2071, https://doi.org/10.1016/j. 
solener.2011.05.014. 

[54] K. Jariyavidyanont, S. Mallardo, P. Cerruti, M.L. Di Lorenzo, R. Boldt, A. 
M. Rhoades, R. Androsch, Shear-induced crystallization of polyamide 11, Rheol 
Acta 60 (2021) 231–240, https://doi.org/10.1007/s00397-021-01264-6. 

[55] N. Koumakis, A.B. Schofield, G. Petekidis, Effects of shear induced crystallization 
on the rheology and ageing of hard sphere glasses, Soft Matter 4 (2008) 
2008–2018, https://doi.org/10.1039/b805171b. 

[56] B. Radel, M. Gleiß, H. Nirschl, Crystal Breakage Due to Combined Normal and 
Shear Loading, Crystals (basel) 12 (2022), https://doi.org/10.3390/ 
cryst12050644. 

C. Delgado-Sánchez et al.                                                                                                                                                                                                                     

https://doi.org/10.1088/1742-6596/2174/1/012029
https://doi.org/10.1016/j.triboint.2017.02.007
https://doi.org/10.1016/j.rser.2018.05.024
http://refhub.elsevier.com/S0167-7322(24)00537-3/h0255
http://refhub.elsevier.com/S0167-7322(24)00537-3/h0255
https://doi.org/10.1016/S0196-8904(02)00251-0
https://doi.org/10.1016/j.solener.2011.05.014
https://doi.org/10.1016/j.solener.2011.05.014
https://doi.org/10.1007/s00397-021-01264-6
https://doi.org/10.1039/b805171b
https://doi.org/10.3390/cryst12050644
https://doi.org/10.3390/cryst12050644

	Innovative stearic acid-in-silicone oil (o/o) phase change material lubricating emulsions (PCMLEs): Thermo-rheological and  ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Sample preparation
	2.3 Methods
	2.3.1 Rheological characterisation
	2.3.2 X-ray diffraction measurements (XRD)
	2.3.3 Differential scanning calorimetry (DSC)
	2.3.4 Tribological characterisation
	2.3.5 Optical microscopy


	3 Results and discussion
	3.1 Crystalline structure of the disperse phase
	3.2 Rheological behaviour
	3.3 Tribological and thermo-physical properties
	3.4 Optical microscopy

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


