lubricants

Article

Low-Temperature Rheology

and Thermoanalytical

Investigation of Lubricating Oils: Comparison of Phase
Transition, Viscosity, and Pour Point

Andreas Conrad 1'*{J, Annika Hodapp 2, Bernhard Hochstein 2, Norbert Willenbacher ? and Karl-Heinz Jacob !

check for

updates
Citation: Conrad, A.; Hodapp, A.;
Hochstein, B.; Willenbacher, N.;
Jacob, K.-H. Low-Temperature
Rheology and Thermoanalytical
Investigation of Lubricating Oils:
Comparison of Phase Transition,
Viscosity, and Pour Point. Lubricants
2021, 9,99. https://doi.org/10.3390/
lubricants9100099

Received: 30 August 2021
Accepted: 2 October 2021
Published: 6 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Nuremberg Institute of Technology, Applied Chemistry, 90489 Nuremberg, Germany;
karl-heinz.jacob@th-nuernberg.de

Karlsruhe Institute of Technology, Institute of Mechanical Process Engineering and Applied Mechanics,
76131 Karlsruhe, Germany; annika.hodapp@kit.edu (A.H.); bernhard.hochstein@kit.edu (B.H.);
norbert.willenbacher@kit.edu (N.W.)

*  Correspondence: andreas.conrad@th-nuernberg.de

Abstract: According to the ASTM D97, the pour point is the temperature below which petroleum
products cease to flow. To evaluate the relevance of pour point measurements for synthetic lubricating
oils, we investigated the crystallization, melting temperature and low-temperature flow behavior of
one mineral and five synthetic lubricating oils. The classification of three groups emerged from this
process. The formation of paraffin crystals in mineral oils (I) below the crystallization temperature
causes shear-thinning behavior and a yield point. The crystallization temperature determined in the
thermal analysis and rheology correlates well with the pour point. Synthetic lubricating oils, which
solidify glass-like (II), exhibit a steady viscosity increase with falling temperature. The temperature
at which viscosity reaches 1000 Pas corresponds well to the pour point. Synthetic oils, especially
esters, with complex crystallization behavior (III), exhibit supercooling depending on the shear
rate and cooling conditions. For these lubricating oils, the pour point provides no information for
low-temperature applicability.

Keywords: lubricating oil; mineral oil; synthetic oil; pour point; low-temperature rheology; DSC

1. Introduction

The pour point [1] is commonly used to predict lubricating oils” applicability at low
temperatures. The pour point is defined as the lowest temperature at which a base oil still
flows. It is determined by examining the meniscus of the base oil in 3 K temperature inter-
vals while tilting the sample vessel. According to the ASTM D97, the pour point is reached
if the naked eye sees no motion of the oil. The pour point has been designed for petroleum
products that form paraffinic crystals when dropping below the pour point [1]. Webber [2]
stated that the formation of wax crystals at low temperatures in mineral oils causes a
substantial increase in viscosity and leads to highly non-Newtonian flow behavior. At
temperatures below the onset temperature for wax crystallization T, mineral oils undergo
a transition from a homogenous Newtonian fluid to a suspension of crystals exhibiting
predominantly elastic behavior with G’ >> G” and a yield point [3]. The substantial change
in the rheological properties result in the pour point.

The solidification of synthetic base oils differs from mineral oils due to their chemical
composition. Polyalphaolefins (PAOs) are branched alkanes with a narrow molecular
weight distribution compared to mineral oils. Shubkin [4] introduced PAOs for high-
performance lubrication and determined the pour point of several PAOs differing in
molecular weight and viscosity. With increasing molecular weight and viscosity, the pour
point increases from —70 to —20 °C. Tsvetkov [5] stated that PAOs with molecular weights
ranging from 453 to 1056 g mol ! and kinematic viscosities at 100 °C ranging from 5 to
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20 mm? s~ ! are Newtonian fluids down to —40 °C and exhibit glass transition at temper-

atures between —70 and —81 °C. Despite that, they exhibit pour points above —40 °C.
Another lubricating oil type for high-performance lubrication are alkylated naphthalenes,
introduced by Hourani et al. [6] as well as Hessel and Abramshe [7]. They state that the
pour point of naphthalenes rises with increasing substitution and branching [6,7].

Recent environmental concerns encouraged a biodegradable lubricants’ market launch,
such as vegetable oils and their derivatives [8]. Special attention was paid on esters with
complex crystallization behavior, depending on their alkyl chains’ length and branching.
While branched alkyl chains cause amorphous solidification at lower temperatures, long
linear alkyl chains cause crystallization at higher temperatures. Since low-temperature
viscosity has a decisive influence on nucleation and crystal growth, the crystallization
behavior is complex [9-11].

From the thermodynamic point of view, nucleation is spontaneous when the size
of a nucleus corresponds to a critical size, which decreases with increasing supercooling
(AT = T. — Trn). From the kinetic point of view, the rate of nucleus formation depends
on viscosity, i.e., the lower the temperature, the slower the nucleation rate. Approaching
the glass-transition temperature T, the nucleation rate then becomes infinitely small.
Thus, nucleation is thermodynamically favored at lower temperatures and kinetically
favored at higher temperatures. Since the temperatures for a maximum nucleation rate and
maximum crystal growth rate are not identical, the lubricating oil composition and cooling
rate significantly influence supercooling. If the maximum crystal growth rate temperature
is below the glass temperature T, nuclei are absent and glass-like solidification takes
place upon cooling [12,13]. Using the pour point as a single criterion to decide on low-
temperature applicability disregards the fact that the pour point provides no information
on whether base oils crystallize, solidify amorphously, or just exhibit such a high viscosity
that no flow is detectable during the three seconds of pour point determination. This study
presents the investigations of crystallization, melting, and glass transition of one mineral
oil and five synthetic lubricating oils. On that basis, we discuss the physical meaning of the
pour point and its significance for the low-temperature flow of lubricating oils.

2. Materials and Methods

Table 1 lists the investigated lubricating oils, their chemical nature and physical
properties, including kinematic viscosity v at 40 and 100 °C, pour point, and viscosity index
(VI). The oils are classified into three groups (I-1II). Group I contains one mineral oil with
a broad molecular weight distribution, group II includes four amorphously solidifying
synthetic lubricating oils, and group III comprises one crystallizing synthetic lubricating oil
with a narrow molecular weight distribution. The base oils were stored at room temperature
(25 °C) and had not been preheated before the experiments.

2.1. Polarization Microscopy

The polarization microscope Nikon Eclipse LV100ND (Shinagawa, Tokyo, Japan) with
a Linkam LTS420 cooling cell for liquid nitrogen was used to visualize the crystallization of
the base oils. The oil samples were cooled at a rate of —1 K min~! from room temperature
to —50 °C.

2.2. Differential Scanning Calorimetry (DSC)

Heat flow measurements during the cooling and heating cycles were performed with
a Netzsch DSC 204 F1 Phoenix® (Selb, Germany) in a pierced aluminum pan with a sample
weight of approx. 10 mg to detect the glass transition, crystallization, and melting points
of the base oils. The measurements were carried out in the temperature range from 25 to
—60 °C with heating and cooling rates of 0.5 to 5 K min . For the extended temperature
range down to —180 °C, a Netzsch DSC 204 cell with a CC 200L controller for liquid
nitrogen was used. The oil samples were cooled with —20 K min~! from 25 °C to —180 °C,

held for 5 min, and then heated with a rate of +10 K min 1.
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Table 1. Classification (group I-III), kinematic viscosity v, viscosity index (VI), pour point (ASTM D7346 [14]), and chemical

nature of the base oils.

Lubricating Oil Chemical Nature Group v@40 °C/cSt. v@100 °C/cSt. VI Pour Point/°C
MO mineral oil (SN100/SN500) I 48 5.3 105 -12
PAOS8 polyalphaolefin I 47 8 139 —66
KR-008 alkylated naphthalene I 36 7 68 —54
PAG polypropylenglycole II 57 10.4 188 —51
EO2 tris(2-ethylhexyl)trimellitate II 87 9.6 80 —48
EO1 Trimellitate * I 52 8.1 128 —57

* with linear C8-C10 alkyl groups.

2.3. Rheological Measurements

Steady shear measurements were done using both a cone-plate (CP50/1) and a con-
centric cylinder geometry (Z20DIN), and four rheometer devices, the Anton Paar MCR
301, 501, and 702 (Ostfildern-Scharnhausen, Germany) and the Haake RS 150 (Karlsruhe,
Germany). The temperature control of the MCR rheometers above —40 °C was realized
with a Peltier cooling and heating system (P-PTD 200 and H-PTD-200). Below —40 °C, a
CTD 450 cell with an EVU10 controller for liquid nitrogen was used. The Haake RS 150 was
tempered with a convection cooling system, including a suitable cryostat. All measuring
systems were rinsed with dry air (dew point: —80 °C) to prevent condensation and freezing
of humidity. The different measuring geometries and rheometer devices yielded similar
viscosity values of the investigated base oils as long as the operating parameters were
identical. All rheological and thermoanalytical experiments were performed in triplicate
with fresh samples for each measurement.

3. Results and Discussion
3.1. Flow Behavior of Mineral Oil (Group 1) at Low Temperatures

Figure 1 covers the viscosity curves of the mineral oil (MO) as a function of shear
stress (a) and shear rate (b), respectively, at temperatures between —5 and —15 °C. The base
oil samples were brought to the selected measuring temperatures quickly and equilibrated
for 10 to 15 min to ensure a constant temperature throughout the sample. MO showed
Newtonian behavior down to —5 °C, but at a temperature of —10 °C and below, it showed
shear-thinning behavior and exhibited an apparent yield stress. The non-Newtonian flow
behavior was attributed to the appearance of paraffin crystals [2].

Figure 2a shows the temperature dependence of the amount of the complex viscosity
for the mineral oil as obtained at a fixed frequency of w = 10 rad s~! and an amplitude
of v =0.05 %, selected in order to apply the lowest possible load to the paraffin crystal
network while maintaining the measuring range of the rheometer and a reasonable mea-
suring time. The selected parameters for w and v were in the LVE range at —20 °C. The
change from a Newtonian fluid to a shear-thinning suspension during cooling caused a
complex viscosity increase of 5 orders of magnitude within a temperature range of 10 K
below the crystallization temperature T, peo = —12 £ 0.5 °C. Melting of the mineral oil
(T'm,rheo = —2.5 £ 0.5 °C) appeared at a higher temperature compared to crystallization.
Tc rheo and Ty, 1heo in Figure 3 were obtained by intersecting two tangents above and below
the significant slope change. During the heating cycle the complex viscosity of the mineral
oil decreased substantially between —20 °C and —2.5 °C. Above the melting temperature
and below —30 °C, the viscosity data obtained in the cooling and heating cycle match
exactly. Considering the change of flow behavior from Newtonian to shear-thinning in
Figure 1, T 1he, is expected to be in the range between —5 and —10 °C, and not at —12 °C.
This discrepancy results from different experimental conditions. The viscosity curves in Fig-
ure 1 result from isothermal measurements, while the complex viscosity curves in Figure 2
result from measurements with a constant cooling rate of —2 K min~!. Regardless of the ex-
perimental conditions, the melting temperature Ty, e, was at —2.5 °C. Below the melting
temperature, a supercooled liquid was present, which could precipitate paraffin crystals.
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Figure 1. Viscosity of the mineral oil (MO) as a function of shear stress (a) and as a function of shear rate (b) determined in

the shear stress controlled measuring mode at the temperatures —5, —10 and —15 °C.

The mineral oil’'s DSC cooling plot (Figure 2b) shows a sharp exothermic increase
of the heat flow signal at —12 °C, corresponding to the crystallization temperature T..
Towards —50 °C, the DSC signal steadily approached the baseline during the growth of
paraffin crystals. The enthalpy of crystallization is —12.4 ] g_l. This value is much lower
than for pure linear alkanes (—180 to —250 ] g~ !, depending on carbon number) [15]. This
indicates that just a small percentage of the oil crystallized, which is consistent with the
microscopy data (Figure 2a) and confirms earlier findings by Webber [2]. The shallow
and broad endothermic peak in the DSC’s heating cycle between —30 °C and —2.5 °C in
Figure 2b corresponds to the melting of the paraffin crystals. The temperature difference
between the onset of the exothermic signal (—12 °C) and the offset of the endothermic
peak (—2.5 °C) corresponds to a supercooling of —9.5 K (AT = T, — Tr,) at a cooling rate of
—2Kmin~ 1.

The temperature at which the substantial increase of the complex viscosity T 1heo and
the onset of the sharp exothermic signal T, are observed correlate well. Furthermore, the
pour point of —12 °C for this type of oil corresponds to the crystallization temperature
(Figure 2, dashed line and Table 1). The mineral oil builds a network of paraffin crystals
below the crystallization temperature (Figure 2a inset). The yield stress appearing below
the crystallization temperature T, inhibits the flow at low shear stresses, predominant when
tilting the test jar according to the ASTM D97, thus causing the pour point’s detection.

Figure 3 displays steady shear viscosity data as a function of temperature obtained
at different cooling rates between —0.167 K min~! and —1 Kmin~! with a shear rate of
6 s~! (a) as well as at different shear rates between 1 s~ and 100 s~! at —0.5 K min !
(b). The crystallization temperature T e, at which strong viscosity increase set in was
slightly shifted to lower values when the cooling rate was increased, here AT =2 K. T 1fco,
determined at a cooling rate of —1 K min~!, correlated well with the pour point, which
was determined with a cooling rate of —1.5 K min~!. The greater the deviation between
an applied cooling rate and the cooling rate according to the ASTM D7346, the greater the
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deviation between T ;he, (Figure 3), and the pour point. Higher deviating cooling rates
thus provide a poorer match with the pour point.

-40 -30 -20 -10 0 10 20
T/°C

Figure 2. Amount of complex viscosity |7*| (a) as obtained from small amplitude oscillatory shear rheometry

(w=10rads~! and 74 = 0.05 %), and heat flow g (b) as obtained from DSC experiments during cooling and heating

cycles (marked by arrows) at 2 K min~! for the mineral oil (MO). A polarization micrograph taken at —50 °C is shown as an

inset in (a), demonstrating that just a small percentage of the oil crystallized. A dashed line marks the pour point.

In agreement with earlier findings, the mineral o0il’s crystallization temperature
(Terheo = —12 °C) was essentially independent of the shear rate (Figure 3b) [16]. How-
ever, the slope of the 7(T) curves below T e, strongly decrease with an increasing shear
rate. At a shear rate of 100 s! the T o can hardly be evaluated, suggesting to employ
low shear rates around 1 s~ for a robust and reliable determination of Te rheo-

3.2. Flow Behavior of Non-Crystallizing Synthetic Lubricating Oils (Group 1I) at
Low Temperatures

The synthetic lubricating oils PAOS, KR-008, PAG, and EO2 exhibited Newtonian flow
behavior in the investigated temperature range. These oils did not exhibit crystallization
detectable in DSC or viscosity measurements during cooling. However, they showed a glass
transition at temperatures around —75 °C to —85 °C, i.e., 20-30 K below the pour point. The
viscosity increased non-linearly with decreasing temperature. The Williams-Landel-Ferry

(WLF)-relation [17]:
T Cl(TTO)}
T [Cz + (T = To) @

describes this behavior down to approx. 20 K above the glass transition (see Figure 4). Table 2
presents the c-parameters obtained for the non-crystallizing oils from fitting Equation (1)

ar
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to the respective experimental data using Ty = 273.15 K. Data for the glass transition
temperatures, pour point, and temperature at which a viscosity of 1000 Pas is reached are
also included. The viscosity of the cooling and heating curves overlay precisely.

T T T T T T T T T T T T T T T T T
y=6s"" —0—-0.167 K min" —0—10°s™"
—0—-0.5K min”' —A—10"s"
—A——1 Kmin™ —v—102s™
1014 i i
Ry
<3
2 \
a i
< c,rheo
\§ EB\ Tc,rheo ~0.167 Kmin™'
/ \2\@}%\ r/
T \§>@~$ S
1 00 5 c,rheo —1 Kmin™ ,: . \gzgzgfgzgig\__
Tc,rheo -0.5 Kmin™ ] - _ s =1 \é
p=-0.5Kmin
T T T T T T T T T T T T T T
-14 -12 -10 -8 -6 -14 -12 -10 -8 -6
T/°C T/°C
(a) (b)

Figure 3. Steady shear viscosity as a function of temperature for the mineral oil (MO), (a) obtained at a constant shear rate

of 6 s~! and cooling rates  between —0.167 and —1 Kmin~!, and (b) obtained at constant cooling rate of —0.5 Kmin~

Land

different shear rates between 1 and 100 s~ . Lines are to guide the eye.

The pour points of the non-crystallizing oils fairly well correspond to the temperature
at which a viscosity of 10 Pas is achieved (Table 2 and Figure 4, stars). The difference
between the pour point according to ASTM D7346 and the temperature at which a viscosity
of 103 Pas is reached is about 1 K (see Table 2). Boyde [18] previously suggested a viscosity
value as a theoretical pour point, several magnitudes higher than presented here.

According to ASTM D 7346 [14], the pour points’ reproducibility is approximately 6 K.
In a temperature range of 12 K the viscosities vary by more than an order of magnitude.
Within the reproducibility range of the pour point, PAOs’ viscosity varies between 360 Pas
and 6400 Pas, and the viscosity of PAG varies between 175 and 3600 Pas. Accordingly, the
characteristic temperature at which a defined viscosity level of, e.g., 1000 Pas is reached is
a more accurate and reliable measure to characterize the low-temperature flow behavior of
non-crystallizing oils than the pour point determination, due to the superior experimental
accuracy of viscosity measurements.

3.3. Flow Behavior of Crystallizing Synthetic Lubricating Oils (Group 11I) at Low Temperatures

Figure 5 covers viscosity data from steady shear rheometry as well as heat flow
data from DSC experiments obtained at various cooling and heating rates, respectively.
EO1 exhibited a similar increase in viscosity with decreasing temperature as the non-
crystallizing oils discussed above until the crystallization temperature T ;e, Was reached
(Figure 5a). This crystallization temperature strongly decreased with an increasing cooling
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rate. Below T heo, the viscosity drastically increased in a narrow temperature range of
about 5 K. This was due to the onset of crystallization. EO1 crystallized to the extent
that the rheometer was blocked. This is different from the rheological characterization of
mineral oil, which formed a shear-thinning network of paraffin crystals and where the flow
curves converged again at temperatures well below T ;he, (Figure 3a). Thus, no further
viscosity measurement was possible, and the determination of a melting temperature based
on steady shear measurements was not feasible.

105 é T T T T T T T
] O PAOS
] O KR-008
10 3 A PAG E
] v EO2 ]
* 1 at the pour point
U e TR < 2a e bbb
(2}
©
0. 1024 E
= E
t
10" 5 E
100 5 3
10" T T T T T T T T
-80 -60 -40 -20 0

T/°C
Figure 4. Viscosity vs. temperature for the synthetic oils PAO8, KR-008, PAG and EO2 during
cooling cycles. Measurements were performed at a constant shear rate of 6 s~ and a cooling rate
of —1 K min~!. The lines describe the fit of the WLF equation to the respective experimental data.

The error bars of the viscosity at the pour point (stars) indicate the reproducibility of the pour point
according to ASTM D7346.

Table 2. Glass transition temperatures, parameters c¢; and ¢, of the WLF-relation [17], pour point (PP)
according to ASTM D7346, temperature at which a viscosity of 1000 Pas is reached and viscosity at
the pour point. Corresponding DSC curves are provided in the additional information.

PAOS8 KR-008 EO2 PAG
Tgpsc/°C —845+04 —-757+04 —-785+£05 —-793+£09
c1 8.3 9.4 11.7 8.4
/K 133.9 121.5 135.1 109.1
PPastM D7347/°C * —66 £ 6 —54+6 —48 £ 6 —51+6
T1000Pas/ °C —64 1 —-55£0.6 —47 £ 0.6 —-52£0.6
Nat the PP/ Pas 1780 + 380 910 & 15 1240 £ 170 754 £ 90

* According to ASTM D7346 [14] the reproducibility of the pour point is & 6 K.

Under quiescent conditions in the DSC experiments, EO1 did not crystallize during
cooling but during the heating process (Figure 5b). During cooling, EO1 formed nuclei
far below its melting temperature, where the nuclei grew slowly because of the high
viscosity. The crystal growth rate increased during re-heating due to lower viscosity at
higher temperatures, resulting in an exothermic crystallization peak. This phenomenon
is well known as cold-crystallization [12,18,19]. EO1 crystallized in the DSC experiments
between —50 and —30 °C and melted at +7 °C depending on the heating rate (Figure 5b).
This corresponds to a supercooling AT of about —50 K.
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Figure 5. (a) Steady shear viscosity vs. temperature measured at a shear rate of 6 s~ for EO1 during cooling cycles

performed at cooling rates, ranging from —0.167 to —1 K min~L. Lines are to guide the eye. Since EO1 crystallizes to the

extent that the rheometer is blocked, no further measurements at heating cycles are possible. (b) Heat flow g for EO1 during

heating cycles of DSC experiments performed at different heating rates between 0.5 and 5 K min~—!. No exothermic heat

flow signals during cooling cycles were detected.

The enthalpy of crystallization was —67.5 ] g1, and the enthalpy of fusion was
90.2] g~1. The enthalpy of fusion of the EO1 was consistent with the values reported
for aromatic esters (—97.7-—158.4 ] g~!, depending on chemical composition) [20]. The
enthalpy of crystallization was smaller than the enthalpy of fusion. Thus, it appears
that similar to the PET [19], the supercooled amorphous phase already included a small
but not negligible amount of crystallinity. At the crystallization temperature T, the
crystallization process set in and full crystallinity was reached within a temperature interval
of AT ~ 10 K. The resulting crystalline solid completely melted when heated above the
melting temperature T,

The temperature gap between crystallization T and melting temperature T, observed
in the DSC experiments decreased with an increasing heating rate. A strong supercooling
was typical for the kinetically hindered crystallization of esters [20,21]. Figure 6a displays
T and T, values obtained from DSC measurements as a function of the heating rate. The
melting temperature of EO1 was T, =7 °C independent of the heating rate because the
melting temperature was thermodynamically controlled. In contrast, the crystallization
temperature T, was kinetically controlled and exhibited a substantial increase with an
increasing heating rate.
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Figure 6. (a) crystallization T and melting temperature T, for EO1 obtained from heat flow data of DSC measurements as

a function of heating rate during heating cycles (see Figure 5b). (b) crystallization temperature T ¢, Obtained from steady

shear experiments (see Figure 5a) during cooling cycles for EO1 as a function of shear rate. Closed circles correspond to
data obtained at a constant cooling rate of —0.5 K min~!. Open triangles represent data measured at various cooling rates,
—0.05, —0.167, —0.5 and —1 K min~!, respectively. The dashed line marks the pour point.

Figure 6b shows crystallization temperature data obtained from steady shear exper-
iments. The EO1’s crystallization temperature T, ;4o Occurred during cooling and dras-
tically increased with an increasing shear rate but seemed to level off at T e, = —15 °C
for shear rates larger than 10 s~!. Furthermore, T theo increased substantially with a
decreasing cooling rate (Figure 6b, triangles). Obviously, the shear flow promoted the
crystallization of EO1, but this seems to have been counteracted by the flow-induced
breakup of crystals at higher shear rates. At a vanishing shear rate, the crystallization
temperature seemed to approach the pour point. Shear-induced crystallization explains
the deviation between T ¢, and T¢ in Figure 5a and 5b, respectively, and in Figure 6.
Shear induced crystallization is known for polymer melts. For example, investigations
on polyethylene and polybutene-1 revealed that applying shear stress to a supercooled
melt increases the crystallization rate and leads to crystallization close to the melting tem-
perature [22,23]. For polymers, the molecular origin of shear-induced crystallization and
the experimentally found dependence of the induction time for crystallization f. on the
shear rate 7 is explained by the partial orientation and extension of the polymer chains in
the strained melt. The orientation of the polymer chains results in a lower melt entropy
Sm concerning the relaxed unstrained melt. Thus, the free enthalpy of the sheared melt
Gm (7, T) exceeds the corresponding value for the relaxed melt Gy, (7 = 0, T) and thus
reduces the activation barrier to form nuclei of critical size. Considering that EO1 is a
relatively small molecule compared to polymer molecules, it is more probable that the
orientation of the ester molecules is solely responsible for reducing melt entropy Sm [24].
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EO1 crystallizes under isothermal conditions below the melting temperature Tr, =7 °C,
and the onset of crystallization depends on shear rate and temperature. Figure 7 shows the
induction time t. necessary to start crystallization under isothermal conditions at various
temperatures and shear rates. The higher the shear rate and the lower the temperature,
the faster EO1 crystallizes. At the lowest tested shear rate of 0.6 s~! and the highest tem-
perature of —7.5 °C, EO1 crystallized after approx. 320 min. At a shear rate of 60 s~ ! and
—20 °C, crystallization began after 3 min. Below the melting temperature of 7 °C, EO1 is
no longer thermodynamically stable but a supercooled liquid. EO1 can crystallize anytime
in the supercooled state, depending on environmental conditions. Sufficiently high shear
stress can reduce the time necessary to start crystallization by several orders of magnitude
compared to quiescent conditions [22,23].

A -

- @ 25] J
Q- 20 °
_ =151 tc 1 -
3 12’ \ ] m -20°C 3
] o] | e -10°C .
7 % 5 100 150 200 250 300 A -75°C 1
- t/ min -
— T T T — T T : — —
10° 10°

vl s

Figure 7. Induction time ¢, for isothermal crystallization of EO1 as a function of shear rate at the temperatures —7.5, —10,

—20 °C. Insert: viscosity versus time at —7.5 °C and a shear rate of 6 s~1 for EOL, illustrating the determination of the

induction time f. for isothermal crystallization.

Crystallization phenomena may deteriorate the utilization of EO1 at temperatures
below 7 °C, but this is not indicated by the pour point determined according to the
ASTM D97. The pour point is thus not a suitable indicator to judge the low-temperature
applicability of oils such as EO1 showing kinetically hindered crystallization.

4. Conclusions

We have investigated the low temperature viscosity, as well as crystallization and
melting behavior of one mineral and five synthetic lubrication oils using steady and
oscillatory shear rheometry, thermal analysis and polarization microscopy. The pour
point determined according to the ASTM D7346 and widely used in industry to judge
the low-temperature application behavior of lubrication oils is discussed in the light of
the presented results. The classification of three groups (I-III) of base oils emerged from
this process.
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4.1. Crystallizing Mineral Oil

In mineral oils, a small fraction (=10 %) of dissolved wax (longer n-paraffinic compo-
nents) forms needle-like crystals upon cooling. This results in a steep increase of viscosity
at the onset of crystallization. Below the crystallization temperature T ;. the oil shows
shear-thinning behavior as expected for a suspension of solid anisotropic particles in a
Newtonian fluid. The onset of crystallization obtained by thermal analysis and rheometry
agree very well. T¢ 1he, is independent of shear rate, but slightly decreases with an increas-
ing cooling rate. For the oil investigated here, supercooling is weak, T. — Tm =~ —5 K, and
the pour point agrees very well with the temperature T e, and T, respectively obtained

at a cooling rate of about —1 K min~!.

4.2. Amorphously Solidifying Synthetic Lubrication Oils

Synthetic lubricating oils such as PAOS8, KR-008, PAG, and EO2 solidify in a glass-like
way with no evidence of crystallization. They exhibit a moderate but steady increase in
viscosity with decreasing temperature, which can be described by the WLF-equation. In
these cases, the pour point corresponds to the temperature at which a viscosity of 10 Pas is
reached, typically at about 20-30 K above T. Viscosity measurements, however, turned out
to be more accurate and reliable to characterize the oils” flow behavior at low temperatures
than the pour point determination.

4.3. Crystallizing Synthetic Lubricating Oils

A more complex scenario is encountered for ester-type oils with linear alkyl chains.
Such lubricating oils show pronounced supercooling (AT~—50 K for the system inves-
tigated here). Accordingly, the crystallization temperature in dynamic measurements
drastically varies with cooling /heating rate and shear rate, while the melting temperature
remains unaffected. The induction time ¢. for crystallization during isothermal experiments
also varies substantially with supercooling.

Crystallization occurs suddenly and is completed within a few minutes. Prior to
crystallization these oils exhibit Newtonian flow behavior and the increase in viscosity with
decreasing temperature is similar to the amorphously solidifying synthetic oils discussed
above. When crystallization sets in, however, viscosity sharply increases within a short
time period. The oil crystallizes to the extent that the rheometer is blocked. For such oils,
the pour point is insufficient to judge their low-temperature applicability. For the EO1
investigated here, crystallization occurred at temperatures up to 50 K above the pour point,
depending on the shear rate and cooling conditions. This suggests that the lubrication
properties may be severely deteriorated even far above the pour point. In such cases,
a thorough rheological and thermal analysis considering the respective environmental
conditions is required to judge the oils application behavior at low temperatures.
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