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Abstract

Pumpability related engine failures have resulted from an inadequate understanding of
the time-dependent rheology of motor oils at low temperatures. The current work elucidates
the nature of the wax—oil structure formed at temperatures below the cloud points for a
series of mineral oils and formulated lubricants having documented field and bench test
performance. Low-temperature field performance of motor oils was differentiated by slow
cool, low shear rate methods. The solidification of each motor oil was characterized by a
viscosity-temperature profile. The activation energies for crystallization and fusion were
higher for the problem oils. The creep moduli of wax—oil gels were determined from low
temperature isothermal thermomechanical (TMA) experiments. The engine-pass oils had
lower moduli at —65°C.

INTRODUCTION

The low-temperature operating limit of engine oils is dependent upon
the flow characteristics of the lubricant. The capability off mineral oil
lubricants to flow at low temperature is a function not only of viscosity but
also of the precipitation of less soluble, waxy components. Relatively small
amounts of wax can, under the proper cooling conditions, completely
immobilize the bulk oil through formation of a three-dimensional network
of interlocking crystals [1-8].

Many investigators have studied the pour point phenomenon, but the
precise mechanism by which pour point depressants function is still not
completely understood [1-8]. It is generally believed that the pour point
depressant (PPD) inhibits crystal growth either by adsorption on the newly
formed wax crystals or by cocrystallization with the wax. The actual process
may be one or both, depending, upon the cooling rate and the chemical
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nature of the PPD. Although the use of PPDs has been widespread in the
manufacture of multi-grade motor oils, engine failures have resulted from
an inadequate understanding of the time-dependent rheology of motor oils
at low temperatures [1,9-16]. Gel formation can be attributed to solidifica-
tion of the waxy components and the structural integrity of the wax—oil
composite. Differentiation by “hard” gelation and “limited” gelation has
been made by Selby [17] with a scanning viscometric technique that relates
the rate of change of viscosity to temperature upon slow cooling. The hard
gel is considered to be of high structural strength and the limited gel of
lower strength.

Examination of the factors affecting the structure—property—perfor-
mance relationship must continue to avoid future pumpability problems.
The present work was undertaken to develop new low-temperature tech-
niques to relate oil gelation phenomena to field performance. This study
reports viscometric data from a number of commercially available slow
cool, low shear rate methods which correlate with engine field service [17].
In addition, thermomechanical analysis (TMA) is introduced to define the
solid state mechanical properties of the wax—oil composite structure formed
upon cooling below the cloud point. Information on the flow characteristics
of lubricants at the solid-liquid phase transition is presented.

EXPERIMENTAL
Lubricants

The lubricant samples used in this study included a Mid-Continent 100
solvent neutral mineral oil (SN) and eight ASTM pumpability reference
oils (PROs). The mineral oil was studied with and without a commercial
pour point depressant. The eleven lubricants are listed in Table 1. The
PROs were chosen for their documented engine performance in the
Border Line Pumping Temperatures test [18]. The viscometric properties of
the mineral oil samples are given in Table 2. PRO engine performance is
summarized in Table 3.

Viscosity measurements

All samples were heated at 80°C for 1 h then allowed to cool to room
temperature before exposure to low temperatures. Samples for thermome-
chanical analysis (TMA) and differential scanning calorimetry (DSC) were
prepared by cooling 25 to 50 mg at 0.10°C h™! to —35°C. Samples were
transferred to a —50°C bath for storage, then cooled to dry ice tempera-
ture before analysis.

A thermal analysis system with a thermal mechanical analyzer module
[19] and a dual sample differential scanning calorimetry unit [20] was used
to determine the melt-transition properties of pre-cooled samples.
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TABLE 1

Materials studied by viscometric and mechanical methods

Sample Identity SAE grade Description

Al PRO-05 ASTM 10W40 Engine pumpability fail oil
A2 PRO-09 ASTM 10W40 Engine pumpability pass oil
A3 PRO-11 ASTM 10W40 Engine pumpability pass oil
A4 PRO-13 ASTM 10W40 Engine pumpability pass oil
A5 PRO-15 ASTM 10W Engine pumpability pass oil
A6 PRO-16 ASTM 20W Engine pumpability fail oil
A7 PRO-21 ASTM 10W30 Engine pumpability fail oil
A8 PRO-24 ASTM 10W40 Engine pumpability fail oil
B1 100 SN 100 solvent neutral oil

B2 100 SN+ 0.10 wt% PPD Item B1 plus a commercial

pour point depressant additive
B3 100 SN + 0.50 wt% PPD

The viscometric properties of the oils were determined by classical and
several new techniques. The standard viscosity tests included ASTM D 97
(pour point), minirotary viscometry (MRV), ASTM D 3829 (47-h slow cool
MRV TP1), and stable pour point (Federal 203, cycle C).

A commercial rotational viscometer was used to characterize the oils at
low temperature. Samples were cooled at 0.01°C min~! from 0°C to a
temperature at which the viscosity was greater than 500 000 mPa s (1 mPa
s = 1 cP). Shear stress was continuously monitored at a constant shear rate
of 0.7 s7 L.

A scanning viscometric technique was also used to characterize the PRO
samples.

ASTM D 5133 was used to characterize the oil viscosity. Samples were
cooled at 1°C min~! from room temperature until the viscosity exceeded 40
Pa s. The viscosity of the sample was monitored as a function of tempera-
ture. The temperature registered at a sample viscosity of 40 Pa s is defined
as the critical pumpability temperature (CPT).

Thermomechanical analysis (TMA)

The TMA module was operated in the penetration mode using a 0.635
mm diameter flat-tipped needle probe. The solidified wax—oil composite
tested was approximately 4.0 mm in diameter and 0.1 mm in height. When
the sample was examined under load, the applied stress could be varied up
to 2.45 X 10% Pa with a maximum load of 100 g. The probe was first zeroed
on the bottom of an empty aluminum pan. The height of the frozen sample
was determined by placing the probe without a load on the top of the
solidified sample. Any displacement from the original height by expansion
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or penetration as sensed by the linear variable differential transformer
(LVDT) was recorded as the dimensional change in pm. The pre-cooled
samples were examined at a heating rate of 5°C m~! under a very low load
(0.10 g). Dimensional change as a function of temperature and the penetra-
tion rate were determined.

In the TMA isothermal mode, the pre-cooled sample was brought to a
constant temperature below the pour point of the oil and held there for 1
h. The mechanical properties of the wax—oil gel were determined by
applying a low load (1.0 g) and allowing the system to equilibrate until the
displacement was constant or varying slowly. Then the TMA LVDT was
shut off, the load was increased to 5.0 g, and the displacement was
monitored until again constant. This sequence was repeated with increasing
load four or five times per sample. The load versus displacement data
(stress vs. strain) were recorded for each sample at three or four tempera-
tures. The creep modulus (Pa) was defined as the slope of the stress versus
strain curve in the initial, linear region.

The pre-cooled oil samples were also examined by DSC. The heating

rate from — 100°C through the melt-transition temperature was 5°C min~!.

X-ray diffraction analysis (XRD)

The 100 SN oil with and without 0.50 wt% of PPD was examined by wide
angle X-ray diffractometry. The samples were placed in a specially de-
signed aluminum cell with a 0.025 X 25 X 75 mm? Mylar window, cooled to
—20°C and held there for 6 h, then cooled to —50°C for 48 h. The
solidified wax—-oil composites were then rapidly cooled to dry ice tempera-
ture and placed in the XRD unit. The samples were scanned with filtered
Cu Ka radiation at a rate of 2° 20 min~! from 30 to 54°C. Sample
temperature was maintained between —60 and —80°C. The crystalline
structures of the waxes are stable over this 20°C temperature range.

RESULTS
100 SN oils

The influence of PPD on the flow characteristics of 100 SN oil can be
seen in the viscometric data summarized in Table 2. The pour point, stable
pour point, and scanning borderline pumping temperature (the tempera-
ture where the viscosity equals 30 Pa s) decrease with increasing PPD
concentration. Similarly, the ASTM D3829 and TP1 MRYV viscosities show
marked differences between the 100 SN oil and the PPD-treated oils. For
this system, the logarithm of the viscosity at —25°C varies inversely with
PPD concentration, with a linear correlation coefficient (R?) of 0.94.
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Fig. 1. Derivative TMA curve showing the effect of PPD the mechanical properties of 100
SN.

The TMA derivative curves of the 100 SN oils in Fig. 1 illustrate the
effect of PPD on mechanical properties of 100 SN. The melt temperature
(T,,) and the maximum creep or strain rate (the peak value in derivative
TMA) decrease with added PPD. Figure 2 shows the effect of increasing
PPD concentration: the 7, decreased, the scanning viscosity at —25°C
decreased and the activation energy (E,) diminished at the melt-transition
temperature. The TMA activation energy is based on the creep rate, which
is the rate of change of the thickness of the wax-oil composite at the onset
of the melt-transition (Fig. 1). The logarithm of the creep rate versus the
reciprocal absolute temperature is linear. The slope of this line is defined
as the TMA activation energy at the melt-transition.

Pumpability reference oils (PROs)

Viscometric properties of the PRO samples with related field perfor-
mance data are reported in Table 3. Linear relationships are observed
between the ASTM seven-engine average borderline pumping temperature
(BPT), the MRV TP1 BPT, and the scanning critical pumping temperature
(CPT) at 40 Pa s, such that
Lab ASTM temperature = 8.71 + 1.30 (engine temperature)
or

MRV TP1 BPT (°C) = 8.71 + 1.30 (engine BPT (°C)) (1)
R?=0.93 (see Fig. 3).
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Fig. 2. Effect of PPD concentration on properties of 100 SN oil. The parameters for each
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Fig. 4. DSC characteristics of samples A5 (PRO-15) and A8 (PRO-24); heating rate 5°C
PR
min~ .

The scanning CPTs obtained by the previously discussed methods were in
good agreement with BPT values, with a linear correlation coefficient of
R?>=10.96.

Good correlations exist between engine performance (BPT) and the
viscometric bench tests. The scanning viscosity varies linearly with the
MRYV TP1 viscosity at —25°C

Scanning lab viscosity = 4.33 — 0.687 (isothermal lab viscosity)

or
vis (Pa s) = 4.33 — 0.687 (MRV TP1 vis) (Pas); R*=0.90 (2)

The John Deere JDQ 95 flow characteristics at —30°C (See Table 3, last
column) were also determined. The PROs were ranked in order of pass
and fail from their physical properties.

PRO-15 and PRO-24 were characterized by TMA and DSC (Figs. 4 and
5). The fail oil, PRO-24, has a higher TMA melt-transition temperature
regime than PRO-15 (—22 to —13°C) and exhibits endothermic heat flow
from —70 to +10°C. The pass oil, PRO-15, has a lower TMA melt-transi-
tion temperature zone ( —52 to —43°C) and no apparent heat flow in the
temperature range —70 to +10°C. The TMA curves better differentiate
the PRO samples than do the DSC curves because TMA is more sensitive
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Fig. 5. TMA characteristics of samples A5 (PRO-15) and A8 (PRO-24); heating rate 5°C
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to solid state changes in the wax-oil composite during fusion. The heat of
fusion of water is a considerable endothermic event masking a good deal of
the DSC wax melting phenomenon. Moisture inadvertently introduced
during sample preparation produces a minimal effect at 0°C in TMA.
Therefore this study concentrated on the TMA properties of the wax—oil
gels rather than the DSC heat flow properties.

The TMA melt-transition temperature (the extrapolated onset tempera-
ture for creep flow) did not separate the PROs based on BPT, CPT, or
viscosity. The extreme cases of a good pumpability oil, PRO-15, and a poor
pumpability oil, PRO-24, were distinguished.

The maximum creep or strain rate at the TMA melt-transition tempera-
ture (the peak in the derivative curve of penetration versus temperature)
was found to be related to the seven-car average ASTM BPT (Fig. 6) with a
linear correlation coefficient of R? = 0.86. Linear relationships were ob-
served between the maximum creep rate and the MRV TP1 and the
scanning viscosities [21] at —25°C.

The TMA activation energy at the onset of melting groups the PRO oils
according to field performance. In Fig. 7 the average activation energy is
0.80 kJ m™' for the pass PROs and 2.03 kJ m™! for the fail PROs. The
energy barrier for a solid wax network to be transformed to a liquid at the
melt temperature is considerably lower for the good than for the poor field
service oils.
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Fig. 6. Relationship of maximum creep rate at TMA melt-transition temperature to
seven-engine average ASTM BPT.
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TABLE 4

Activation energy for solidification of wax in PRO samples and 100 SN oils: activation
energy from log viscosity vs. 1/ T (K) curves [21]

Sample Maximum activation Sample Maximum activation
energy (ki m™1) energy (kI m™1)

Al 41.6 A5 52

A2 6.9 A6 5.4

A3 53 A7 41.8

A4 6.0 A8 38.2

B1 49.7

B2 15.0

B3 8.4

Large activation energies for wax solidification were observed for poor
pumpability oils (40.5 kJ m™~') and lower values for good pumpability oils
(5.7 kJ m™!) (Table 4). This activation energy is a measure of the heat of
crystallization of waxy components in the oil and of the viscosity increase of
the amorphous phase. The addition of 0.5 wt% of a PPD effectively
lowered the activation energy to less than one-fifth of the value for the
non-treated oil.

The activation energy at the solidification-transition temperature for the
PROs and 100 SN oils was calculated from scanning viscosity—temperature
profiles (Fig. 8 and Table 4). The activation energy was taken at the

6.00
5.00- B1 B3
0
a
E 4.00-
z
o
§ 3.00
5>
)
2.00 ~ ¥~ Maximum Slope to Caiculate
the Viscosity Activation Energy
1.00 L 1 | 1
37 3.9 4.1 4.3 4.5
1T K x 103

Fig. 8. Profile of Haake viscosity vs. reciprocal temperature.
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TABLE 5

TMA creep modulus of pumpability reference oils and 100 SN oils

Sample Engine pass /fail Creep modulus at
borderline pumping T =-65°C
temperature (Pa)

AS Pass 1.1x10°

A3 Pass 2.7x10°

A7 Fail 8.5x 108

A6 Fail 4.0x107

B3 Predicted pass 2.0x10°

B1 Predicted fail 7.9%x10°%

maximum slope in the log viscosity versus reciprocal absolute temperature
curve [21]. The relative solidification (viscosity) activation energy for the
two sets of oils studied indicates that the “good” oils have lower values
than the “poor” oils. A high activation energy is the result of a rapid
increase in viscosity over a narrow temperature range. The strength or
hardness of the wax—oil composite at low temperature evaluated by the
TMA creep modulus indicates that the “good” oils form “softer” gels (10°
Pa) than the “poor” oils (107 Pa), as shown in Table 5.

DISCUSSION

Assuming that the mechanism for pour point depression is the adsorp-
tion of the chemical PPD on the crystal growth face, short stunted crystals
should result (Figs. 9 and 10) [22]. The activation energy for the solid to
liquid paraffin wax transition will be low for small, low aspect-ratio crystals.
It will be high for well formed, high aspect-ratio interlocking crystal
networks [18].

Interlocked wax networks would exhibit higher mechanical stiffness than
the low aspect wax crystals. This is consistent with the isothermal TMA
modulus results. That is, the interlocking paraffin crystal network produces
harder gels (107 Pa) whereas the composite structure of PPD-treated oils
yields softer gels (10° Pa).

The TMA activation energy is a measure of the mechanical driving force
required to disturb the wax—oil network at the onset of melting. The TMA
and viscosity activation energies of the PROs are clearly related to the
pumpability of an oil at low temperatures. The average TMA activation
energy for the pass PROs is 0.80 kJ m~!, whereas the fail PROs have an
average value of 2.03 kJ m~! (Fig. 7). This TMA property separates the
pass and fail samples into a “go” or “no-go” situation.

Thermal and mechanical changes occurring at the solid-to-liquid transi-
tion of two wax—oil systems have been studied. Differences in wax forma-
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Fig. 9. Paraffin crystal structure of wax-oil systems at —60°C as shown by wide-angle X-ray
diffraction.

tion of samples of 100 neutral mineral oil were observed in terms of the
scanning borderline pumping temperature (at 30 Pa s) and the solidifica-
tion activation energy. TMA vyielded major differences at the wax melt
which were related to the PPD concentration. These methods clearly
demonstrate the effects of the addition of the PPD.

The paraffin crystal structure of waxy oil at —60°C was determined by
wide-angle X-ray diffraction (Figure 9). The PPD caused a pronounced

fw\"‘ﬁ

-
%

Without PPD With PPD

Fig. 10. Effect of pour point depressant on crystal morphology of wax in a lubricating oil.
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change in the crystal morphology and crystal growth habit of the waxy.
McCrone reported that the length-to-diameter ratio of waxy crystals in a
PPD-treated oil decreased with increasing concentration of the additive
from 150 to about 10 [22]. In a qualitative sense, McCrone’s observations
agree with the X-ray diffraction results.

The Arrhenius activation energy for solidification (cooling cycle) of the
wax-oil composite was derived from the logarithm of the viscosity versus
the reciprocal absolute temperature. The addition of 0.5 wt% of a PPD
effectively lowered the activation energy for crystallization of the wax by
17% of the untreated value (Table 4, B1 vs. B3).

CONCLUSIONS

This study has explored several new techniques to elucidate pumpability
phenomena. PPD-treated oil forms wax crystals that lead to a low modulus
wax-oil composite. This softer gel melts at a lower temperature than the
harder gel in the untreated oil, has a lower mechanical activation energy
and is formed with lower viscometric activation energy. The TMA and
viscometric properties have been clearly related to the low-temperature
performance of the lubricants.
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