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A B S T R A C T   

This paper correlates the evolution of the rheological and thermal properties with microstructure during the 
phase change of a blend of bitumen with a selected paraffin wax, having a melting point centred around 60 ◦C, 
for the development of bituminous based membranes for thermal energy storage applications. For this purpose, 
temperature sweep tests within the linear viscoelastic range, stationary state flow curves, Differential Scanning 
Calorimetry (DSC), polarised optical microscopy observations and solar irradiation tests were performed. The 
reported rheological results clearly point out a gel-like behaviour for both paraffin and paraffin/bitumen blend 
that is preserved almost up to the end of the phase change interval. This is consequence of the development of a 
network of interconnected crystals of paraffin wax which progressively disappear as temperature increases. 
Interestingly, a weak gel structure is kept even at low crystallinity levels since only a few junctions among 
structures are necessary to build a spanning network. Finally, the large degree of crystallinity of paraffin wax 
retained in the bitumen/paraffin wax is behind its thermoregulation ability, as was corroborated by solar irra
diation tests. Therefore, results indicated the great potential of these formulations for thermal energy storage and 
related applications.   

1. Introduction 

Currently, the global growth in energy demands has encouraged the 
scientific community to focus on the development of new technologies 
and the search for new materials for solar capture and thermal energy 
storage. In this sense, bitumen-based products may become a promising 
alternative, as their black colour leads to a low albedo or solar reflection 
and therefore results in a large solar absorption capacity [1]. 

Bitumen is the heaviest fraction of the crude oil obtained from the 
bottom of vacuum distillation towers, composed of a combination of 
relatively high molecular weight molecules, usually classified in terms of 
polarity into families of compounds: Saturates, Aromatic, Resins and 
Asphaltenes, known as SARAs fractions [2]. 

Apart from the traditional use of bitumen as a binder of mineral 
aggregates in road pavements, its waterproofing nature and compati
bility with polymeric additives make it extensively used in the formu
lation of roofing and waterproofing membranes [3,4]. More recently, 
new applications have arisen related to energy storage and/or 

thermoregulation technologies. For example, several authors have 
analysed the potential use of bituminous materials as solar collectors in 
road pavements (solar pavements), able to harvest and store thermal 
energy from sun radiation [5,6]. In addition, some modified bituminous 
based membranes may provide significant thermoregulation effect 
particularly useful to mitigate heat island effects in cities and to reduce 
maximum ambient temperatures [5,7–9]. 

In general, bitumen modification for energy storage and thermo
regulation is based on the incorporation of the so-called phase change 
materials (PCMs), capable of absorbing and releasing latent heat during 
the phase change process, typically between solid and liquid states. Even 
though a large number of PCMs have been proposed in the literature, 
paraffin waxes are the most preferred energy storage material within 
range of 0 to 75 ◦C because of their low cost, low vapour pressure, 
chemical stability and safety, high latent heat, low super-cooling, ther
mal stability for thermal cycles, tuneable phase change temperature, etc. 
[10,11]. 

Recently, there has been growing interest in analysing the feasibility 
of modifying road paving bitumen with PCM for road paving 
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applications, primarily with the goal of achieving temperature regula
tion effects and improving thermo-mechanical properties, aging resis
tance, fatigue resistance, etc. [8]. A number of PCMs have proven to be 
suitable for these purposes such as paraffin waxes [11,12], fatty acids 
(Lauric and Stearic acid) [13], fatty alcohols and sugar alcohols (Tet
radecyl alcohol, Neopentylene glycol, D-Manitol, etc.) [13,14], Poly
ethylene glycols (from 1000 to 4000 g/mol) [13,15–17] and selected 
polyurethanes with solid–solid phase transitions [7]. 

Regarding roofing and waterproofing systems, there is limited 
bibliography available on the integration of PCM into bituminous 
membranes. Thus, a few studies have pointed out that the use of PCMs in 
traditional roofing membranes contribute to reducing energy con
sumption in houses due to the lower heating energy demand [18,19]. 

In general, the most widely used technology to add PCM to bitumen 
is through encapsulation or stabilization methods, which significantly 
increases its fabrication cost and reduces the thermal conductivity of the 
final product, making the heat storage and release processes less effi
cient [8,10]. In the case of bituminous membranes for building appli
cations, as a consequence of the relatively large amount of PCM to be 
used, they are usually enclosed by means of a multilayer envelope [19]. 

Consequently, even though direct incorporation of PCM to bitumen 
is preferred from a cost point of view, this method needs specific analysis 
about miscibility or compatibility among components, especially during 
the phase change process, in order to maximize the energy storage ca
pacity and achieve optical rheological properties. Therefore, a partial 
compatibility between PCM and bitumen is needed to develop a multi
phase morphology with adequate thermomechanical properties while 
crystalline structures are preserved, which is an essential aspect to keep 
latent heat [3,12,20]. 

In addition, the phase change process, usually exhibits multiple 
transitions in a wide temperature interval, that strongly affects the 
performance properties and thermal behaviour. In the particular case of 
paraffin waxes, it is well established that they experience multi-step 
phase transitions that may overlap and mutually affect each other, 
during heating experiments. Then, depending on factors such as mo
lecular structure, molecular weight, impurities, etc., several premelting 
solid–solid phase transitions are typically observed before the solid-to- 
liquid phase transition [21,22]. 

In this study, a selected paraffin wax having a melting peak of 
approximately 60 ◦C, was blended with bitumen, to analyse the rheo
logical properties, microstructure and thermal behaviour during heating 
experiments. In particular, the evolution of crystalline structures within 
the phase change temperature interval from 50 to 70 ◦C, has been 
correlated with the resulting rheological behaviour and developed 
microstructure. To that end, neat compounds and the bitumen/paraffin 
blend were subjected to linear viscoelastic measurements, stationary 
flow tests, differential scanning calorimetry and cross-polarized optical 
microscopy to determine the phase transitions and morphology. Finally, 

the thermoregulation ability of the paraffin/bitumen blend was assessed 
by means of cooling tests following heating induced by simulated solar 
irradiation. 

2. Experimental 

2.1. Materials 

A commercial-grade paraffin with a melting temperature around 
60 ◦C was used in this study, as PCM, supplied by Panreac-AppliChem 
(Spain). An asphaltic 100/150 penetration grade bitumen donated by 
REPSOL, was employed to formulate the blends (Table 1), having a ring 
and ball softening point of 41.0 ◦C and a penetration of 105 dmm. Its 
chemical composition according to SARAs fractionation is: Saturates 7.4 
wt%, Aromatics 57.6 wt%, Resins 15.1 wt% and Asphaltenes 19.9 wt%. 

2.2. Sample preparation 

Bitumen/paraffin wax blend was obtained using a high-shear pro
cessing device (rotor–stator homogenizer Silverson L5M-A) following 
the protocol outlined below. Approximately 250 g of the blend, con
taining 40 wt% of paraffin wax, was preconditioned at a mixing tem
perature of 150 ◦C in aluminium cans, and then mixed at a rotation rate 
of 3500 rpm for 15 min. After processing, samples were poured into 
silicon moulds of the appropriate dimensions for rheological or DSC 
measurements and allowed to cool down to room temperature. 

2.3. Tests and measurements 

2.3.1. Rheological and technological characterisation 
Oscillatory frequency sweep tests, were carried from 0.01 to 100 

rad/s, at selected constant temperatures (50, 55, 60 and 70 ◦C) within 
the phase change interval. Additionally, oscillatory temperature ramp 
tests, at a heating rate of 1 ◦C/min, were accomplished at a constant 
frequency of 10 rad/s, over the same temperature range. These oscilla
tory shear measurements were carried out at strains within the linear 
viscoelastic region, previously determined at every temperature. 
Viscous flow tests, from 10-6 to 102 s− 1, were performed in the control 
stress mode at the temperatures of 50, 55, 60, 61, 62 and 70 ◦C. All 
rheological tests were conducted is a controlled-stress Physica MCR-301 
rheometer (Anton Paar, Austria) using a plate-plate geometry (25 mm 
diameters with 1–2 mm gap). 

2.3.2. Optical microscopy 
Microstructural changes of paraffin and bitumen/paraffin wax blend 

(BP) with increasing temperature were analysed by optical microscopy 
using simultaneously crossed polarised and non-polarised light, in an 
Olympus BX51 (Japan) microscope coupled to an LTS-350 Heating- 
Freezing Stage controlled by a Linkam TP94 (Linkam Scientific In
struments, UK). In order to ensure the same thermal history, a drop of 
hot sample (melted paraffin or blend) was placed on a flat slide, previ
ously conditioned at 100 ◦C, and covered by a cover glass and let to cool 
down to 25 ◦C at a controlled rate of 1 ◦C/min. Then, glass slides were 
progressively heated up to the target temperature (from 40 to 70 ◦C) and 
tempered for 10 min for optical observation. 

Nomenclature 

Nomenclature with dimensions and abbreviations. 
BP Bitumen paraffin blend 
DSC Differential Scanning Calorimetry 
Heat Flow from DSC experiments (W/g) 
G’ Storage Modulus (Pa) 
G’’ Loss Modulus (Pa) 
G* Complex Shear Modulus (Pa): |G*| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ǵ 2 + Ǵ 2́

√

ω Angular Frequency (rad/s) 
δ Phase angle (◦) 
η Viscosity (Pa⋅s) 
η0 Zero-shear limiting viscosity (Pa⋅s) 
γ̇ Shear rate (1/s)  

Table 1 
Detailed properties of the base bitumen.  

Technological properties 

Penetration (dmm) 105 
Softening point (◦C) 41.0 
Chemical composition 
Saturates (wt.%) 7.4 
Aromatics (wt.%) 57.6 
Resins (wt.%) 15.1 
Asphaltenes (wt.%) 19.9  
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2.3.3. DSC tests 
Differential Scanning Calorimetry (DSC) measurements were con

ducted on all samples using a Q-250 DSC calorimeter (TA Instruments, 
USA). Each sample (10–20 mg) was sealed in conventional hermetic 
aluminium pans, and scanned in a flowing nitrogen atmosphere (50 
mL⋅min− 1) according to the following procedure, at heating /cooling 
rates of 10 ◦C/min: (i) isothermal at 70 ◦C for 10 min, (ii) cooling scan to 
20 ◦C, (iii) isothermal at 20 ◦C for 10 min, (iv) heating scan to 70 ◦C. 

2.3.4. Solar irradiation and cooling tests 
Samples of bitumen and bitumen/paraffin wax blend (BP) were 

heated up to constant temperature by irradiating simulated solar light 
with a Xenon lamp HXF300-T3 (Beijing China Education Au-light 
Technology Co., Ltd, China), using a filter AM 1.5G (300–1100 nm). 

Cylindrical Samples (42 mm diameter and 8.5 mm thickness) were 
heated by an average irradiation of 1385 ± 32 W/m2 over the entire 
binder surface (measured by a pyranometer SMP3, Kipp & Zonnen, 
Netherlands) until the surface reached a constant temperature, and then 
let to cool down. A thermocouple was placed at 2.2 mm away from the 
exposed surface to determine the temperature evolution with time. The 
wall of the specimen was insulted with a 77.6 mm-thickness isolator (k 
= 0.044 W/m ◦C, thermal conductivity), whereas its bottom side was in 
contact with isothermal heat sink, with selected cooling or sink tem
peratures of Ts = 46.5 ◦C. 

3. Results and discussion 

3.1. Thermo-rheological properties evolution in temperature ramp tests 

The here used paraffin is a macrocrystalline wax, chemically 
composed of mixtures n-paraffins and, in minor extent, iso-paraffins 
having minimal branching [23], obtained through the separation of 
heavy distillate fractions in the refining process. 

DSC thermogram for paraffin wax, portrayed in Fig. 1A, reveals its 
highly crystalline nature, exhibiting a wide and asymmetric phase 
change peak during heating, originally attributed to the melting of 
crystalline structures [24]. In general, the observed broad peak is 
associated to the presence of paraffin chains of different lengths with 
close molecular weights, which gradually undergo phase transitions to 
the isotropic liquid state [25]. By comparing the melting interval re
ported in Fig. 1A with those of pure n-alkanes reported in the bibliog
raphy, it can be estimated that the paraffin wax is mainly composed of 
alkanes in the range C25-C28 [26]. The presence of a shoulder in the 
heating scan, that leads to a pronounced left asymmetry of the peak, 
could be indicative of another first order transition. In fact, it has been 
widely reported that pure alkanes, their mixtures and industrial paraf
fins usually exhibit solid-to-solid transitions prior to their melting [27]. 
In order to shed some light on this issue, in this paper DSC and rheo
logical tests have been compared. In this sense, in Fig. 1 attempts to 
correlate the calorimetric transitions with the complex shear modulus 
(G*) decay as temperature increases. According to Fig. 1B, paraffin wax 
clearly shows a two-step decay process of G*, characterized by an initial 
decrease stage, reaching a flattening of the slope up to approximately 
53 ◦C, followed by a sharper drop of G* by several orders of magnitude 
into the flow region. By comparing the temperature interval where the 
first softening occurs with DSC data, as the threshold rheological tem
perature matches the inflection point of the heat flow, it seems that this 
is mainly driven by solid-to-solid transitions of the paraffin. This result is 
in agreement with literature data of paraffins since a similar interme
diate mesophase region to that shown here, between the glassy state and 
the isotropic liquid phase, is frequently reported [23,28,29]. At a mo
lecular scale, this is a consequence of the transition of the paraffin chains 
into a premelting mesophase, where several rotator phases may appear. 
Thus, it is well established since normal paraffins, alcohols, and other 
hydrocarbons molecules may pass consecutively through one or several 
rotator phases, which are intermediate stages between the fully ordered 

crystalline phase and the disordered isotropic liquid, formed by layered 
three-dimensional structures that only present a rotational degree of 
freedom around the molecular axes [24,25,28]. 

Considering the industrial nature of the sample and the difficulty in 
isolating rotator phases from temperature sweep tests, even for pure n- 
alkanes, the observed mesophase region is developed by the existence of 
several transitions between rotator phases [30]. In contrast to the 
crystalline state, in rotator phases, the molecular chains can rotate 
quasi-freely about their axes, leading to less organized structures and a 
softer mechanical response [29]. 

In contrast, as indicated in Fig. 1, neat bitumen only shows a steady 
fall of G* with temperature with no relevant thermal events within this 
temperature interval, which is indicative of its direct transition from the 
glassy to the Newtonian region. As expected, the binary blend BP pre
sents an intermediate rheological behaviour from that shown by their 
parent pure compounds. However, its thermomechanical response is 
closer to that of the paraffin wax and, therefore, associated to the solid- 
to-liquid transitions of the paraffin phase, given the reported DSC profile 
(Fig. 1B). In this case, even though the mesophase region is no longer 
observed in the blend, the inflection point in the melting DSC scan at 
around 46 ◦C would be indicative of the mentioned transitions between 
rotator phases as it aligns with the temperature at which the slope 
changes in the temperature sweep test. 

It is worth mentioning that, normalised phase change enthalpies per 
gram of paraffin in the mixture, calculated from DSC curves, are only 
slightly reduced in 3.5 % (from 209.1 to 201.9 J/(g of paraffin) for 
pristine paraffin and the blend, respectively), and the peak temperature 
of the melting endotherm lowers from 60.2 to 53.5 ◦C. This result points 
out a minor partial compatibility between bitumen compounds and the 

Fig. 1. Evolution with temperature of heat flow from DSC (A) and complex 
shear modulus from temperature sweep tests (B) of paraffin wax, bitumen and 
the blend. 
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crystals of paraffin [4,12]. Interestingly, despite this, the degree of 
crystallinity of paraffin phase in the blend is largely retained which is 
particularly useful for thermal energy storage applications. 

Finally, it is important to note that, for both paraffin and BP, the drop 
of G* is very steep within the melting DSC interval. Nevertheless, due to 
the low sensitivity of this test close to the isotropic stage it remains 
unclear whether the samples reach the terminal region of the mechan
ical spectrum. 

3.2. Evolution of linear viscoelastic properties under isothermal conditions 

As shown, isochronal dynamic temperature sweep tests, at constant 
deformation, provide general knowledge about phase transitions and 
rheological properties evolution with temperature during heating. 
However, in order to obtain detailed structural information under 
isothermal conditions, frequency sweep tests have been performed at 

selected temperatures within the phase change interval (Fig. 2A-2D). 
Neat bitumen displays the expected progressive transition to the 

viscous flow region, with both moduli decreasing as the temperature 
rises, Ǵ́>Ǵ, and low-frequency slopes reaching 2 for the elastic modulus 
and 1 for the loss modulus (Fig. 2) [31]. Conversely, paraffin and BP 
present a very different rheological response. In the case of paraffin wax, 
from 50 to 60 ◦C (Fig. 2A-C), G′ and Ǵ́ intersect and gradually increase 
with frequency, with moduli consistently remaining 3 decades below the 
expected values of the glassy region, where the glassy modulus reaches 
approximately 109 Pa. As temperature increases in this interval, the 
crossover frequency is shifted to lower values and both moduli undergo 
a decrease of around one order of magnitude, yet still exhibit a similar 
qualitative behaviour [32,36]. Notably, at 60 ◦C, corresponding to the 
DSC melting peak temperature of pristine paraffin (Fig. 1A), high 
viscoelastic moduli persist, highlighting a significant influence of the 
remaining crystalline paraffin domains in the microstructure. 

Fig. 2. Frequency dependence of the linear viscoelasticity functions Ǵ and Ǵ́ for paraffin wax, bitumen and their blend at (A) 50 ◦C, (B) 55 ◦C, (C) 60 ◦C and 
(D) 70 ◦C. 
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By contrast, at 70 ◦C a significant drop of elastic (Ǵ) and loss moduli 
(Ǵ́) is noticed, reaching the flow region of the mechanical spectrum, 
corresponding to the isotropic liquid or melt region of paraffins [23]. 
When compared to isothermal neat bitumen curves, as expected, 
paraffin wax presents higher moduli values and lower slopes at 50 and 
55 ◦C, an intermediate behaviour at 60 ◦C and significantly lower values 
after the complete melting of paraffin (70 ◦C). 

The linear viscoelastic behaviour of the bitumen/paraffin blend is 
more complex with a distinct influence of both phases, depending on the 
testing temperature. Thus, at 50 and 55 ◦C, the elastic character pre
dominates (Ǵ>Ǵ́) with both moduli appearing parallel or nearly parallel 
throughout the frequency spectrum, displaying a typical behaviour of a 
critical gel [33]. Since 55 ◦C is approximately the DSC peak melting 
temperature, this result is indicative of the development of a continuous 
paraffin-rich phase within the blend, where the melting of paraffin wax 
leads to the reported softening with temperature. Then, as temperature 
increases, both moduli are progressively reduced, the slope of the curves 
increases and a crossover occurs. Surprisingly, at 70 ◦C, which exceeds 
the melting range observed in the DSC analysis of BP (Fig. 1), despite the 
individual components exhibit a terminal behaviour, the rheological 
response of the blend differs significantly, with slopes close to 0.5 and 
larger values than expected, particularly at low frequencies. This 
outcome hints a phase-separated morphology that persists beyond the 
melting of the paraffin, contributing to the reported high viscoelastic 
moduli. 

Black diagrams curves (phase angle vs complex shear modulus) are 
very beneficial for characterising bituminous based materials, as they 
depict the evolution of time-independent functions that are highly sen
sitive to morphology changes. In this regard, Fig. 3 illustrates that while 
bitumen functions merge into a single common curve and the phase 
angle approaches 90◦ (Newtonian viscous region) as G* lowers, paraffin 
and BP display a markedly thermoreologically complex behaviour, 
associated with the first-order phase transitions of paraffin wax [34]. 
Paraffin wax curves points out the softening of the sample, as temper
ature increases near the melting point, i.e. a decrease in G* values until 
the DSC peak temperature is reached (60 ◦C) and an abrupt change to 
the flow region at 70 ◦C. 

Interestingly, as the stiffening diminishes with increasing tempera
ture, the elastic character is strengthened to the point where it becomes 
predominant (δ < 45◦) at the peak melting temperature (60 ◦C). From a 
structural perspective, this result is quite revealing since, according to 
DSC curve, despite only a minor fraction of paraffin molecules remain in 
the premelting mesophasic state (rotator phases) their contribution to 
the bulk properties is very significant. 

In connection with the aforementioned points, given the 

presumption that BP is characterized by a continuous and dominant 
paraffin-rich phase, a similar rheological evolution is expected. Then, at 
50 and 55 ◦C, temperatures very close to the DSC melting peak, a pre
dominant elastic behaviour is clearly pointed out. However, at 60 and 
70 ◦C, immediately after melting, the reported high complex shear 
modulus and low δ values, indicate the development of an ordered 
microstructure quite distinct from the liquid state post-melting. 

3.3. Evolution of the isothermal flow behaviour with temperature 

Steady shear viscosity measurements provide valuable information 
about the structural development during the phase change temperature 
interval (Fig. 4). As shown in Fig. 4A, at 50–55 ◦C, paraffin wax presents 
the expected rheological behaviour of well-structured systems, showing 
a wide Newtonian plateau, at low shear rates, followed by a shear- 
thinning region. However, at 60–61 ◦C, the flow pattern changes as 
the Newtonian plateau is followed by a weak shear thickening (viscosity 
overshoot) before transitioning to the shear-thinning region. This un
usual behaviour is only observed in a narrow temperature interval 
before to the melting endotherm since, at 62 or 70 ◦C, all paraffin 
molecules are fully melted exhibiting a low viscosity Newtonian 
behaviour. The occurrence of shear thickening prior to shear thinning 
has been found in solutions of amphiphilic or associating polymers, as 
well as in concentrated or reticulated SBS modified bitumen, where the 
common feature is the presence of dispersed structures (suspended 
molecules/micelles/particles) showing an associative behaviour [3]. 
This relatively unusual behaviour is frequently associated to non- 
permanent physical networks where, at a sufficiently strain rate, in
teractions among structures give rise to the formation of complex ar
rangements (networks or clusters), which restrict overall mobility and 
result in the viscosity overshoot [35]. As the bridges among structures 
rely on weak physical bonds, when the shear rate is further increased, 
the transient network is disrupted leading to subsequent shear thinning. 
In the case of paraffin wax, at temperatures close to the DSC melting 
peak, similar structures are expected to develop. Then, as the melting of 
molecules happens at different temperatures according their molecular 
weight, it appears that clusters of paraffin molecules in the premelting 
state (in the crystalline or rotator phase) are dispersed in a melted phase 
and possess the ability to physically interact among them, leading to the 
reported flow response under shear. 

On the other hand, Fig. 4B displays the well-known response of un
modified bitumen, characterised by a wide Newtonian region followed 
by a shear-thinning zone. As temperature increases, bitumen becomes 
progressively less structured, resulting in lowered viscosity and 
increased threshold shear rate between both regimes [36]. 

Again, BP discloses a more complex rheological character and a 
much higher susceptibility to shear and temperature during melting 
(Fig. 4C). Thus, an apparent Newtonian region is noticed at low shear 
rates, followed by an extensive shear-thinning region at intermediate 
values and, finally, a second Newtonian region at high shear rates. As 
temperature increases within the phase change interval, the Newtonian 
viscosity is markedly reduced while the shear thinning behaviour be
comes more pronounced, reaching differences of four orders of magni
tude between the zero and infinite shear limiting viscosities. It is 
important to note that, even at the highest temperatures, the same 
qualitative flow behaviour remains apparent. This result confirms the 
development of a two-phase morphology that is preserved after paraffin 
phase melting. 

3.4. Microstructural considerations 

The presence and arrangement of paraffin wax structures during 
melting can be examined by optical microscopy, at constant tempera
tures, under cross-polarized light, since crystals appear as bright regions 
due to their anisotropy, whereas amorphous zones are shown as dark 
areas. Fig. 3. Black diagram of paraffin wax, bitumen and the blend.  
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As portrayed in Fig. 5, at the onset of the phase change (40 ◦C), 
needle-shaped crystals are clearly found in neat paraffin, which 
assemble to form a continuous network structure with dispersed amor
phous regions [4,23,27]. Expectedly, shorter and thinner crystals and a 
higher content of amorphous regions are found in the BP blend, but the 
network is still preserved. Thus, this space-filling network of inter
locking paraffin wax crystals is responsible for the reported linear 
viscoelastic behaviour [37]. 

When temperature is increased to 50 ◦C, despite viscoelastic moduli 
are reduced (Figs. 1 and 2), the network of paraffin crystals remains 
nearly unchanged, pointing out that rotator phase solid-to-solid transi
tions predominantly happen within this interval. In contrast, for BP 
sample, the network is less dense since crystallinity is reduced according 
to the reported DSC data (Fig. 1). Similarly, as both samples approach to 
the melting peak temperature, the amount and size of crystals are 
reduced while network gradually disappears, a fact that explain the drop 
of viscoelastic moduli. It is important to underline that, at temperatures 
close to the end of the melting process (roughly 60 ◦C), where only a 
small fraction of crystals remain, both samples present unexpectedly 
high storage and loss moduli (Fig. 2) and a pattern of flow curves of 
structured systems i.e. a zero shear limiting viscosities followed by a 
shear thinning region (Fig. 4). Thus, Fig. 6 shows the evolution of the 
zero-shear liming viscosity with temperature for all samples, pointing 
out that, while bitumen presents a consistent decrease, paraffin and BP 
exhibit a sharp drop at values close to the peak DSC melting point. 
Therefore, despite the gradual disappearance of the crystalline network 
with increasing temperature, the evolution of rheological properties 
does not mirror this progression. In order to shed some light on this 
issue, the maximum relative DSC crystallinity has been calculated, at 
selected temperatures within the melting interval. This was achieved by 
integrating the DSC phase change peak areas (Fig. 1), normalizing them 
by the paraffin concentration, and considering the enthalpy of ideal 100 
% crystalline paraffin wax (293 J/g) (see equation (1): 

RelativeDSCcrystallilnity(T) =
∫ T

298K fcH(T)
293J/g

(1)  

where fc is the paraffin concentration factor (100/40 for BP and 1 for 
paraffin) and H(T) is the DSC heat flow at the temperature T. Addi
tionally, surface area fraction of crystalline regions taken from crossed 
polarizers micrographs (Fig. 5) were also calculated by using ImageJ 
software. Then, with the aim to evaluate the relationship of the rheo
logical behaviour with the remaining crystallinity during heating, Fig. 7 
compares the temperature evolution of crystallinity with the decay of η0. 
In general, at a specific temperature, crystallinity values obtained from 
optical measurements are slightly higher than those from DSC. This 
discrepancy is likely due to the former was taken at isothermal condi
tions whereas the latter was obtained at a selected heating rate which 
significantly impacts the results [38]. According to this, despite the 
thermal gap between them, both crystallinities approximately follow a 
similar progressive sigmoidal evolution with temperature. In contrast, 
for both paraffin and BP, η0 experiences a much shaper drop that hap
pens at clearly higher temperatures, and, then, this drastic rheological 
change occurs when crystallinity is very low. Hence, apart from paraffin 
crystals, a distinct microstructure is formed that influences the observed 
rheological properties. Nonetheless, it has been widely reported for 
crystallizing polymers, that a physical gel-structure can emerge even 
with low degree of crystallinity, because only a few junctions among 
structures are needed to stablish a spanning network [39]. 

The structures that form the network are loosely connected, resulting 
in a soft critical gel that influences the flow behaviour depicted in Fig. 4. 
Upon completion of the melting process, paraffin wax reaches a New
tonian behaviour whereas BP retains a weak gel structure. Then, Fig. 8 
shows an unpolarised optical micrograph of BP, at 70 ◦C, above the 
melting interval, showing a structured system wherein a bitumen-rich 
phase is evident, likely due to an enrichment of asphaltenes. 

Fig. 4. Stationary flow curves at constant temperatures (from 50 to 70 ◦C) for 
(A) paraffin wax, (B) bitumen and (C) their blend. 
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Therefore, this two-phase morphology would be responsible for the 
linear viscoelastic behaviour reported in Fig. 2D, given that the paraffin 
rich-phase is molten, a soft gel structure persists after the phase change 
leading the flow behaviour depicted in Fig. 4C. 

3.5. Cooling behaviour after simulated solar irradiation 

DSC and microscopy results revealed that the degree of crystallinity 
of paraffin phase in the BP blend is largely retained which can be of great 
interest for thermal energy storage applications. In this sense, the tem
perature regulation ability of BP blend was assessed following the 
experimental setup described in subsection 2.3.4. In this test, firstly, 

sample was heated by the action of a simulated solar irradiation (with an 
average irradiation of 1385 ± 32 W/m2 over the entire binder surface) 
until the surface sample reaches a constant temperature. Afterwards, the 
solar lamp was turned off and the sample was let to cool until the final 
equilibrium temperature was attained. Fig. 9 shows the evolution with 
time of the temperature at 2.2 mm depth to sample surface, and its 
corresponding rate, for neat bitumen and BP sample during the cooling 
step. Interestingly, the thermoregulation ability of BP sample compared 
to its corresponding neat bitumen is clearly detected by higher tem
peratures and lower cooling rate. Thus, neat bitumen undergoes a rapid 
temperature drop, exhibiting its unique maximum cooling rate after ca. 
135 s, until it reaches the equilibrium temperature after ca. 1000 s of 

Fig. 5. Crossed-polarizers micrographs of paraffin wax and bitumen/paraffin blends, at selected temperatures within the phase change interval.  
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cooling time. However, BP sample shows a dampening of the tempera
ture drop which makes it to reach the equilibrium temperature after ca. 
1800 s of cooling time, a much longer time than that required for neat 

bitumen. This dampening effect is clearly noticed in the cooling rate- 
time profile of BP sample compared to neat bitumen. Thus, a first 
peak at ca. 80 s related to bitumen-rich phase is followed by a slow 

Fig. 5. (continued). 
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decrease consequence of the heat released in the course of the paraffin 
wax crystallization. Therefore, these results highlight the great potential 
of these formulations to be used in thermal energy storage and related 
applications with thermoregulation purposes. 

4. Conclusions 

According to the results, neat bitumen exhibits the well-known direct 
transition from the glassy to the Newtonian region with no relevant 
thermal events in the experimental window. In contrast, paraffin wax 
exhibits an intermediate mesophase region, between the glassy state and 
the isotropic liquid phase attributed to multiple solid-to-solid transitions 
between the so-called rotator phases. These are lamellar intermediate 
phases in which paraffin molecules may rotate or oscillate with a rela
tively large amplitude around their long axis, resulting in ordered 
structures but softer than the crystalline state. 

The BP blend exhibits a multiphasic microstructure, wherein 
paraffin-rich and bitumen-rich phases form distinct domains at a 
microscale level, each retaining its own identity and displaying indi
vidual transitions. These phases influence on the thermorheological 
behaviour of the bulk differently as temperature increases. 

The rheological results show a decrease of the complex shear 
modulus with temperature but also indicate a gel-like behaviour for both 
paraffin and paraffin/bitumen blend, which persists nearly until the end 

Fig. 6. Evolution of the zero-shear limiting viscosities (η0) with temperature for 
bitumen, paraffin and bitumen/paraffin blend. 

Fig. 7. Evolution with temperature of relative crystallinity obtained from DSC 
and for crossed polarised optical microscopy and zero-shear limiting viscosities 
for (A) paraffin and (B) bitumen/paraffin blend. 

Fig. 8. Unpolarised optical microscopy image of bitumen/paraffin blends, 
at 70 ◦C. 

Fig. 9. Evolution of temperature and cooling rate for neat bitumen and 
bitumen/paraffin blend after a solar simulation test. 
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of the phase change interval. This is due to the formation of a network of 
interconnected paraffin wax crystals, which gradually diminish as 
temperature rises. Remarkably, a weak gel structure persists even at low 
crystallinity levels, as only a few connections among structures are 
needed to form a spanning network. As the paraffin melts, the network 
of connected crystallites gradually disappears, resulting in a tenuous 
network that still retains a remarkable elastic character (δ < 45◦) and 
viscosity corresponding to the structured systems. As the temperature 
increases, more links are lost and the continuity of the network disap
pears, leading to a very marked decrease in the viscous and viscoelastic 
properties. 

The presence of dispersed transitioning structures in BP lead to a 
relatively unusual flow behaviour, characterised by a viscosity over
shoot in a narrow temperature range within melting. This effect can be 
explained by the formation of non-permanent physical networks, at 
specific strain rates, where interactions among structures lead to the 
formation of complex arrangements that restrict overall mobility. 

Interestingly, at temperatures above the melting process, while 
paraffin completely transitions into the isotropic liquid state, BP de
velops a soft gel-like structure due to the persistence of its two-phase 
morphology, affecting its flow behaviour. Although the crystalline 
fraction then undergoes a similar evolution to that of paraffin wax, the 
morphology of the separated phases develops a new weak gel behaviour 
once melting is complete. 

Finally, despite the partial compatibility between the bitumen-rich 
and paraffin-rich phases, the reduction in crystallinity is minimal. 
Thus, solar irradiation tests indicated the thermoregulation ability of BP 
sample compared to neat bitumen. Therefore, these results highlight the 
great potential of these bitumen-based formulations to be used for 
thermal energy storage, thermoregulation and similar applications. In 
general, bitumen/paraffin blend exhibits both enhanced thermal prop
erties and rheological properties compared to neat paraffin wax, making 
it a suitable material to formulate form-stable products for solar thermal 
energy storage applications with thermoregulation purposes. 
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