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In this work, the use of reactive diisocyanate-terminated polymeric materials as rheology
modifiers of lubricating greases has been studied. Particularly, the influences that free NCO
content, molecular weight and functionality of the reactive prepolymers exert on the rhe-
ological response and microstructure of lubricating greases were analyzed. With this aim,
NCO-terminated prepolymers were prepared from several di and trifunctional polyols and
polymeric MDI. Afterwards, the reaction between terminal isocyanate groups and the
hydroxy group located in the hydrocarbon chain of the 12-hydroxystearate lithium soap,
used as thickener, was promoted during processing of lubricating greases. Polymeric mate-
rials used as additives and final lubricating greases were characterized by FTIR, DSC and
GPC techniques. The effectiveness of these reactive additives was tested by performing
small-amplitude oscillatory shear (SAOS), as well as standardized mechanical stability
tests, on final greases. The rheological response was related to the microstructure of these
greases, characterized by means of atomic force microscopy (AFM). From the experimental
results obtained, it may be concluded that the effectiveness of these polymeric additives to
modify the rheology of greases is due to the progress of the reaction between terminal iso-
cyanate groups and the hydroxy group of lithium soap. However, a large dependence on
both free NCO content and prepolymer molecular weight was found. Experimental results
confirm that a balance between prepolymer molecular weight and NCO content is neces-
sary to reach an optimal rheological modification of lithium greases. Moreover, this balance
is a function of grease ageing, due to the progress of the reaction promoted.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Lubricating greases are highly structured suspensions
consisting of a thickener, usually a metal soap, dispersed
in mineral or synthetic oil. The most common thickening
agent used is lithium 12-hydroxystearate soap. In addition,
lubricating greases usually contain same performance
additives [1,2]. Thus, the use of polymeric materials is a
common practice to modify the rheological properties of
greases by reinforcing the role of the thickening agent

* Corresponding author. Tel.: +34 959219995; fax: +34 959219983.
E-mail address: franco@uhu.es (J.M. Franco).

0014-3057/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.eurpolym;j.2008.04.047

[3,4]. A new generation of polymeric additives consisting
of polyols containing grafted reactive functional groups
has been recently investigated. These reactive groups are
able to react with alkaline components of the soap [5],
enhancing the three-dimensional structural network
achieved during the manufacturing process. In addition,
polymers functionalized with terminal isocyanate groups
may result appropriate to interact chemically with the
soap network, modifying the bulk rheology of greases, as
have been shown in a previous work [6]. The addition of
poly(1,4-butanediol) tolylene 2,4-diisocyanate (PBTDI) to
lithium 12-hydroxystearate lubricating greases produces
a significant modification of their rheological response. It
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has been reported that the effectiveness of such prepoly-
mers to modify the rheology of greases is due to the pro-
gress of the reaction between terminal isocyanate groups
and the hydroxy group located in the hydrocarbon chain
of the lithium 12-hydroxystearate soap. However, the ther-
mo-mechanical conditions involved in lubricating grease
processing must be optimized when such reactive poly-
mers are used. The high temperature achieved during pro-
cessing may increase the reactivity of isocyanate groups or
even cause some thermal degradation [7,8]. In a previous
work [9], it was shown that PBTDI can be satisfactorily
used as rheology modifier of lubricating greases when it
was added to the formulation during the final cooling step
of grease manufacture. However, the effectiveness of PBTDI
as rheology modifier is much lower when the addition
takes place during earlier steps of the manufacturing pro-
cess. This can be explained by some competitive reactions
due to either the presence of water or the high tempera-
ture applied.

Since the success of grease rheological modification
with such prepolymers seems to be associated to both
NCO reactivity and polymer physical characteristics, the
design and synthesis of polymers with suitable molecular
properties for this application should be considered. Other
authors have previously studied [10-12] the efficiency of
grafting typical elastomeric polymers with carbamate
groups, as well as the synthesis of novel polyurethanes
for different applications. Urethane prepolymers are isocy-
anate-tipped macromolecular chains containing urethane
groups in their backbone, obtained by reaction of an isocy-
anate (-NCO) group and a polyol hydroxyl group (-OH). If a
stoichiometric excess of diisocyanate is used, the resulting
typically diurethane short chains are -NCO terminated.
Usually, they have a free isocyanate (NCO) content com-
prised between 1 and 15 wt%. Urethane prepolymers con-
taining higher free isocyanate contents, between 15 and
30 wt%, are known as isocyanate quasi-prepolymers [13].
In the presence of the isocyanate excess, biurets and all-
ophanates can also be formed [7].

This work deals with the synthesis and further charac-
terization of NCO-terminated prepolymers, prepared from
several di and trifunctional polyols and polymeric MD], in
order to evaluate their effectiveness as rheology modifiers
of lithium lubricating greases. Particularly, the effects that
free NCO content, molecular weight and functionality of
the reactive prepolymers exert on the rheological response
and microstructure of lubricating greases were studied.

2. Materials and methods
2.1. Materials

12-Hydroxy stearic acid, lithium hydroxide and a naph-
tenic mineral lubricating oil (density at 20 °C: 916 kg/m?>;
kinematic viscosity at 40 °C: 115 mm?[s) were used to pre-
pare lithium 12-hydroxystearate lubricating greases (14%
(w/w) soap). All the components were kindly supplied by
Verkol, S.A. (Spain). NCO-terminated prepolymers were
synthesized from polymeric 4,4’-diphenyl methane diiso-
cyanate, pMDI, (Dow Chemical, Spain) and different

Table 1
Molecular characteristics of the polyol samples used for the synthesis of
NCO-terminated prepolymers

Polyol M, Functionality
P400/2 400 2
P1000/2 1000 2
P2000/2 2000 2
P4000/2 4000 2
P3000/3 3000 3
P4800/3 4800 3
P6000/3 6000 3

propylene-glycols (Repsol YPF, Spain). The pMDI is a resid-
ual component of the synthesis of pure MDI, consisting of a
mixture of non-distilled and condensation products
resulting from MDI purification. This product consists of
monomers and oligomers of MDI as detailed elsewhere
[12,14,15], being 2.7 the average functionality. Several
polypropylene-glycols, with different average molecular
weights and functionalities (see Table 1), were used as
received.

2.2. Synthesis of NCO-terminated prepolymers

Following the methodology described by Bordado and
coworkers [12], NCO-terminated prepolymers were syn-
thesized by inducing the reaction between a polyol and
an excess (5% molar) of pMDI. Batches of, approximately,
1 kg were prepared by adding the corresponding amounts
of polyol and pMDI. The synthesis was carried out in a glass
reactor equipped with a stirrer, thermocouple and nitrogen
gas inlet system. First of all, pMDI was poured into the
reactor, under a nitrogen atmosphere, and heated up to
70 °C. Then, the polyol was added. Inert atmosphere was
used to avoid moisture and subsequent formation of urea
linkages. This mixture was maintained in oven, at 70 °C
for 24 h. Then, prepolymer samples were stored at 5 °C.
Prepolymer isocyanate content after synthesis was deter-
mined by titration with N,N'-dibutylamine. The composi-
tions of different prepolymers obtained are shown in
Table 2.

2.3. Manufacture of lubricating greases

Processing of greases was performed in a mixing batch
reactor (600 g), using an anchor impeller geometry and a
rotational speed of 60 rpm. Processing details and proce-
dure have been extensively described elsewhere [16]. Once
the saponification was completed, the mixture was heated
up to a maximum temperature of 180 °C, in order to induce
the phase transition of soap crystallites into a waxy phase,
and complete the dehydration process. Afterwards, a con-
trolled cooling ramp down to room temperature was im-
posed. The addition of NCO-terminated prepolymer was
carried out at 90 °C, during the final cooling step, as previ-
ously reported [17], inducing the reaction between lithium
12-hydroxystearate and NCO-terminated prepolymers (see
Fig. 1). More details on this type of reactions can be found
elsewhere [17]. The whole manufacturing process gener-
ally occurred over a period of 18 h. A final homogenisation
treatment (rotational speed: 8800 rpm; homogenisation
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Table 2

G. Moreno et al./European Polymer Journal 44 (2008) 2262-2274

Compositions of the NCO-terminated prepolymer samples manufactured for this study

Prepolymer Polyol Polyol/MDI molar ratio Functionality (theoretical) NCO (wt%) (theoretical) NCO (wt%) (measured)
P400-MDI P400/2 1:5 3.4 22.9 21.0
P1000-MDI P1000/2 1:5 34 17.5 16.3
P2000-MDI P2000/2 1:5 34 12.8 11.5
P4000-MDI P4000/2 1:5 34 8.4 23
P3000-MDI P3000/3 1:5 5.1 9.1 7.6
P4800-MDI P4800/3 1:5 5.1 6.8 5.6
P6000-MDI P6000/3 1:5 5.1 5.6 43
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Fig. 1. Main reaction promoted between NCO-terminated prepolymer and lithium 12-hydroxystearate.

time: 15 min), using a rotor-stator turbine (Ultra Turrax T-
50, Ika, Staufen, Germany), was applied at room tempera-
ture. The different lubricating greases manufactured, with
expression of the corresponding additives used, are listed
in Table 3.

2.4. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were obtained with Digilab FTS3500ARX
(Varian) apparatus. A small drop from different prepoly-

Table 3
Lubricating grease samples manufactured for this study

Greases Additive (3% w/w)
Reference Additive-free

A P400-MDI

B P1000-MDI

C P2000-MDI

D P4000-MDI

E P3000-MDI

F P4800-MDI

G P6000-MDI

mer and grease samples was placed between two KBr disks
(32 x 3 mm) and the set placed into an appropriate sample
holder. The spectra were obtained from in a wavenumber
range of 400-4000 cm~! at 4 cm™! resolution in the trans-
mission mode.

2.5. Gel permeation chromatography (GPC)

GPC determinations were performed with a Waters
apparatus, equipped with two styragel® HR columns
(7.8 x 300 mm) linked in series, at 35 °C, using CHCl3 as
eluent. A Waters 2414 refractive index detector was used.
The flow rate was 1.0 mL min~!. The number-average
molecular weight (M,), the weight-average molecular
weight (M,,), and polydispersity index (M,/M,) were
calculated relative to poly(styrene) standards.

2.6. Differential scanning calorimetry

DSC measurements were performed with a Q-100 TA
instrument, using 5-10 mg samples sealed in hermetic
aluminium pans. Heating rates of 5 and 10 °C/min, inside
a maximum temperature range of —85 to 220 °C, were
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applied. The sample was purged with nitrogen at a flow rate
of 50 mL/min. Calibrations of temperatures and enthalpies
were performed with standard Indium.

2.7. Rheological characterization

The rheological characterization was carried out in a
controlled-strain (ARES, Rheometric Scientific) rheometer,
at 25 °C. Small amplitude oscillatory shear (SAOS) tests, in-
side the linear viscoelasticity region, were carried out in a
frequency range comprised between 0.01 and 100 rad/s,
using a serrated plate-and-plate geometry (25 mm diame-
ter, 1 mm gap). Strain sweep tests, at the frequency of 1 Hz,
were previously performed on each sample to determine
the linear viscoelasticity region. All the samples had the
same recent past thermal and mechanical history. At least
two replicates of each test were carried out on fresh
samples.

2.8. Penetration and mechanical stability tests

Both unworked and worked penetration indexes were
determined according to ASTM D1403 standard, using a
Seta Universal Penetrometer, model 17000-2 (Stanhope-
Seta), with one-quarter cone geometry. The one-quarter
scale penetration values were converted into the equiva-
lent full-scale cone penetration values, as indicated in
ASTM D217. The samples were worked in a Roll Stability
Tester, model 19400-3 (Stanhope-Seta), according to ASTM
D1831 standard. The mechanical stability of grease was
then calculated as the difference between worked and un-
worked penetration values.

2.9. Atomic force microscopy

The microstructural characterization of greases was
carried out by means of atomic force microscopy (AFM),
with a Multimode AFM connected to a Nanoscope-IV scan-
ning probe microscope controller (Digital Instruments,
Veeco Metrology Group Inc., Santa Barbara, CA). All images
were acquired in the tapping mode, using Veeco Nanop-
robe™ tips.

3. Results and discussion
3.1. NCO-terminated prepolymer characterization

Synthesized prepolymers, used as additives in grease
formulations, as well as reactive materials have been char-
acterized by FTIR, DSC and GPC techniques. The IR spec-
trum of the polyol used to synthesize NCO-terminated
prepolymers (Fig. 2a) displays several characteristic peaks:
the first one, at 1109 cm ™!, corresponds to the asymmetri-
cal stretching of the unit CH,-O-CH; the second one, at
2874 of cm™!, is related to the stretching of C-H bonds of
the oxymethylene group (O-CH,); and the last one, at
3447 cm™!, corresponds to the stretching of O-H groups.
On the other hand, polymeric MDI presents the main
characteristic peak at 2278 cm™~!, which corresponds to
the stretching of NCO groups (Fig. 2b). The IR spectra of
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Fig. 2. IR spectra of reagents and prepolymer materials: (a) P400/2,
(b) pMD], and (c) P400-MDI.

all diisocyanate-terminated prepolymers show similar
bands. In this sense, Fig. 2c displays a typical example of
IR spectrum. The most important peaks detected are listed
in Table 4. The peak that appears at 2259 cm™! is of deci-
sive importance for monitoring the success and evolution
of the reaction promoted in grease formulations.

Table 4
FTIR characteristic peaks for NCO terminated prepolymers

Functional group Wavenumber (cm™!)

N-H stretching 3312
N-H bending 1527
C=O0 stretching 1728
C-0 stretching 1225
N=C=O0 stretching 2259
C-0-C streching 1107
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DSC thermograms of NCO-terminated prepolymers
show just one glass transition. The glass transition
temperatures (Ty) for each of the prepolymers studied are
listed in Table 5. As expected, Ty's decrease as the average
molecular weight of polyol chains increased, due to a high-
er content in more flexible segments [18].

The number (M,) and weight (M,,) average molecular
weight values of NCO-terminated prepolymers were deter-
mined by GPC, using polystyrene standards. M,, M,, and
polydispersity index values for all the prepolymers studied
are collected in Table 5. As can be observed, the highest dif-
ferences in molecular weights in relation to the theoretical
values, and the highest polydispersity values, are generally
found for prepolymers synthesized from branched polyols,
i.e., functionality 3. This fact can be attributed to a partial
polymerisation of NCO-terminated prepolymers during
the reaction.

Table 5
Molecular weights and glass transition temperatures for the NCO-termi-
nated prepolymer samples studied

Prepolymer Mp? M,P My MM, T, (°C)°
P400-MDI 1100 1049 1743 1.66 -23
P1000-MDI 1700 1896 2306 1.22 -37
P2000-MDI 2700 3726 6200 1.66 —51
P4000-MDI 4700 9717 16143 1.66 —-56
P3000-MDI 4050 14,554 128,066 8.80 —45
P4800-MDI 5850 17,879 113,039 6.32 -
P6000-MDI 7050 12,571 15,668 1.25 -

¢ Theoretical values.
> Determinated by GPC relative to poly(styrene) standards.
€ From DSC measurements.

G. Moreno et al./European Polymer Journal 44 (2008) 2262-2274

3.2. DSC and FTIR spectroscopy of greases containing reactive
prepolymer

Fig. 3 displays the heat flow curves obtained from DSC
measurements for selected greases. As previously reported
[16], the grease of reference shows only one endothermic
peak at 202 °C, which corresponds to the melting point of
lithium 12-hydroxystearate. Grease A displays the same
heat flow pattern, showing only the peak corresponding
to the soap melting point, although this peak appears
broader (see fusion enthalpy values inside Fig. 3), probably
due to the new compound generated (see Fig. 1). However,
no further peaks related to any other transition of the pre-
polymer, in the range of temperature studied, are noticed.
In this case, DSC is not an adequate technique for detecting
the progress of the chemical reaction between prepolymer
and lithium 12-hydroxy-stearate. Nevertheless, slightly
higher values of fusion enthalpy (AH;) are obtained for
greases containing NCO-terminated prepolymers (mean
value: 19.13 £ 1.49]/g), no matter prepolymer molecular
weight is, in comparison to that obtained for the addi-
tive-free grease (14.27 + 0.45J/g).

FTIR spectroscopy is a more appropriate technique to
detect the chemical interaction between prepolymer and
soap matrix. The reaction between NCO and -OH groups
of prepolymer and lithium 12-hydroxystearate, respec-
tively, is confirmed by analyzing the FTIR spectra. Fig. 4
shows selected IR spectra of lubricating greases, obtained
24 h after grease manufacture. As can be observed in Fig.
4a and b, the main differences found in the IR spectrum
of grease A and the additive-free grease are related to

the presence of the NCO absorption band at 2273 cm™!,
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Fig. 3. DSC heat flow curves for selected lubricating greases.
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corresponding to the non-reacted prepolymer (or MDI in tially reacted with the lithium 12-hydroxystearate. IR
excess), and the peak at 1717 cm™!, due to the C=0 spectra for greases B and C (data not shown) are very sim-
stretching vibration of the urethane group (-NH-CO-0-). ilar to that shown in Fig. 4b. On the contrary, the absorp-
This indicates that the prepolymer P400-MDI has only par- tion band corresponding to NCO groups practically is not

% Transmittance

| . ) ) . . | .
2500 2450 2400 2350 2300 2250 2200 2150
Wavenumber cm-!

Fig. 5. IR spectra of grease A as a function of grease ageing (—————24h; ------- 300 days ageing).
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detected in grease D (Fig. 4c), whist, once again, that corre-
sponding to the urethane group is apparent. This fact can
be explained taking into account the decrease in free isocy-
anate content for the same amount of additive (3% w/w),
associated to a significantly higher molecular weight (Ta-
ble 5). Similarly, the free NCO absorption band at
2273 cm~! is not detected in greases with branched pre-
polymers (Fig. 4d). This means that free NCO groups in pre-
polymers of higher molecular weights have reacted almost
completely after 24 h grease ageing.

Fig. 5 shows an expanded window of the FTIR spectra
for grease A, obtained after 24 h and 300 days grease age-
ing, respectively. As can be observed, the free NCO band
progressively vanishes with ageing. This fact is due to the
higher content in free NCO for prepolymer P400-MDI.
The reactive NCO groups of the prepolymer react with soap

G. Moreno et al./European Polymer Journal 44 (2008) 2262-2274

—-OH groups for several months after grease manufacture.
As expected, the rheological response is satisfactorily mod-
ified during grease ageing, as will be discussed later (see
Fig. 10).

3.3. Rheology of greases

3.3.1. Influence of prepolymer molecular weight

Figs. 6a and 7a show the evolution of the storage (G')
and loss (G”) moduli with frequency, within the linear vis-
coelasticity range, for lubricating greases differing in the
prepolymer used as additive, after 24 h grease ageing. Pre-
polymer concentration in grease formulation was fixed at
3% (w/w). As can be observed, the values of the storage
modulus, G, are always significantly higher than those
found for the loss modulus, G”, in the whole frequency
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range studied. Moreover, the so-called “plateau region” is
always noticed, where G’ slightly increases with frequency
and G” displays a clear minimum. This mechanical spec-
trum corresponds to the typical evolution of other com-
mercial and model lubricating greases previously studied
[19,20]. The most characteristic parameter of this mechan-
ical spectrum is the plateau modulus, G, defined for poly-
mers as the extrapolation of the contribution of
entanglements to G’ at high frequencies [21]. It may be
considered as a measure of the aggregation of the dis-
persed structural units or the density of physical entangle-
ments, and, consequently, it is related to the strength of
the microstructural network. A short-cut method to esti-
mate Gy from the loss tangent can be applied [22]:

0_
N =

(M
From the analysis of Fig. 6a, it can be deduced that grease C
shows the largest increment in the values of both visco-
elasticity functions in relation to the grease of reference,
although it is more important for G” values. Consequently,
as shown in Fig. 6b, which displays the evolution of the loss
tangent (tans = G”/G’) with frequency, prepolymer P2000-
MDI used as additive confers to the grease (sample C) a sig-
nificantly more relative viscous response than the rest of
prepolymers studied in this work. Slightly poorer modifi-
cation was achieved by using prepolymer P1000-MDI as
additive (grease B). At first sight, this fact seems to indicate
that rheology modification is more effective when the pre-
polymer molecular weight increases. However, as can be
deduced from Fig. 6a, much lower or almost negligible
influence was observed using prepolymers having both
the lowest and the highest molecular weights, greases A
and D, respectively. This fact suggests that either NCO
groups are not enough in the case of prepolymer P4000-
MDI or they have not reacted completely with the hydroxy
group located in the hydrocarbon chain of lithium soap in
the case of prepolymer P400-MDI. Most of these prepoly-
mers confer to the grease a similar relative elastic re-

[G/]tanéﬂminimum .

2269

sponse, lower than the grease of reference but higher
than grease C, as can be deduced from the values of the loss
tangent (Fig. 6b). Similarly, Fig. 7 compares the mechanical
spectra of greases with added reactive branched prepoly-
mers, i.e., synthesized using trifunctional polyols of differ-
ent molecular weight. As can be observed, all these
polymers exert a low influence on the rheology of greases,
once again more important on G”. Only prepolymer P3000-
MDI seems to modify significantly the rheological response
(grease E).

According to these results, it can be concluded that rhe-
ology modification of greases exerted by NCO-terminated
reactive prepolymers is a consequence of the balance be-
tween the molecular weight and the number of NCO
groups available to react with the hydroxyl group of soap
molecules. Thus, if additive concentration is kept constant,
P4000-MDI contributes with a low percentage of NCO
groups (see Table 2) and, on the contrary, P400-MDI seems
to have a non-influencing molecular weight but a signifi-
cant amount of NCO reactive groups. The effect of
branched prepolymers is similar to that shown by P4000-
MDI in spite of the higher NCO functionality, since real
molecular weights are significantly higher that those ob-
tained with linear polyols (see Table 5).

The effect of prepolymer molecular weight on grease
rheology is shown in Fig. 8, where the influence of free
NCO content has been isolated. Thus, different greases with
the same free NCO molar content were prepared by modi-
fying accordingly the additive concentration. In this case,
the values of the linear viscoelasticity functions continu-
ously increase with prepolymer molecular weight, taking
into account that the effective concentration is higher for
prepolymers with the highest molecular weights. On the
other hand, the relative elasticity of greases decreases with
this variable in spite of the highest prepolymer concentra-
tion (Fig. 8b). At first sight, these data suggest that increas-
ing prepolymer molecular weight results in a more
effective rheological modification when the NCO molar
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Fig. 8. Frequency dependence of the storage and loss moduli (a) and tané (b) for selected lubricating greases, containing similar free NCO concentration

(0.098 mol) and using different amounts of polymeric additives, at 25 °C.
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content is kept constant. However, Fig. 9 shows that
increasing polymer molecular weight is not always favour-
able and the effectiveness depends on the free NCO con-
tent. As can be observed, no improvement is found by
increasing continuously the length of polyol chain when
the total amount of NCO in grease formulation is
0.075 mol. However, no influence of molecular weight is
detected below a critical NCO content value, i.e.
0.036 mol, whatever the molecular weight is.

3.3.2. Ageing of greases

The reactivity of polymers with NCO functional groups
may be extremely slow in the case of highly viscous media
[23]. Thus, preliminary studies [6] showed that the rheo-
logical properties of greases with added PBTDI evolve dur-
ing several months of ageing. As was demonstrated, the
effectiveness of a NCO-terminated prepolymer to modify
grease rheology is mainly due to NCO reactivity and, con-
sequently, the influence of molecular weight discussed
above may change during ageing.

Fig. 10 shows the evolution of the plateau modulus dur-
ing ageing for selected greases containing 3% w/w of differ-
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Fig. 9. Evolution of the plateau modulus with prepolymer average mol-
ecular weight for different greases, as a function of free NCO molar
content.
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Fig. 10. Evolution of the plateau modulus during grease ageing.

ent diisocyanated-terminated prepolymers. Gy does not
significantly increase during ageing (up to 400 days) for
the grease of reference. On the contrary, this modulus in-
creases during several months ageing for all greases con-
taining NCO-terminated prepolymer, which confirms that
reaction rate is very slow. The most important increase in
Gy, is observed for grease A during the first 90 days of age-
ing, then remaining almost constant. This fact can be due
to the higher concentration of NCO reactive groups in the
bulk prepolymer P400-MDI (see Table 2). These results
are corroborated by carrying out FTIR measurements, as
shown in Fig. 5, where the progress of the reaction is
clearly demonstrated. On the contrary, the increase in G},
for greases C and D, containing P2000-MDI and P4000-
MD]I, respectively, is not so important. In the case of grease
C, G}, does not increase significantly during the three first
months because, as was previously discussed, the rheology
modification occurs almost immediately after grease man-
ufacture. On the other hand, the effect of ageing is much
less important for greases containing additives that were
synthesized using trifunctional polyols.

3.3.3. Influence of free NCO content

Fig. 9 shows the evolution of grease plateau modulus
with the average molecular weight of the linear prepoly-
mers used to modify the formulation, as a function of free
NCO content. Plateau modulus values raise with free isocy-
anate content (including pMDI excess), more significantly
as prepolymer molecular weight increases. As was previ-
ously commented, G}, values are lower than those obtained
for the grease of reference when the NCO amount added to
lithium 12-hydroxystearate soap is low enough, i.e.,
0.036 mol, no matter prepolymer molecular weight is.

These results confirm that a balance between prepoly-
mer molecular weight and NCO content is necessary to
reach optimal grease rheological modification. In this
sense, Fig. 11 shows the values of the plateau modulus
plotted versus NCO content/prepolymer M, ratio, both
24 h after grease manufacture and after 70-80 days ageing.
As can be observed, after 24 h ageing, the largest rheolog-
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Fig. 11. Evolution of the plateau modulus with the NCO content/pre-
polymer molecular weight ratio, as a function of grease ageing, for greases
containing either 3% w/w of reactive polymer (squares) or variable pol-
ymer concentration (circles).
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ical modification is achieved at intermediate values of this
ratio (around 15-25). Thus, low NCO contents and high
polymer molecular weights, and also high NCO contents
and low molecular weights should not be selected to yield
a large rheological modification, at least just right after
grease manufacture. However, this tendency changes with
grease ageing. After 70-80 days ageing, due to the slow
reactivity of the functional groups, the most effective mod-
ification is achieved for the highest values of the NCO con-
tent/M,, ratio studied. In addition, it is worth pointing out
that ageing does not exert a significant influence on grease
rheology below a certain threshold ratio (around 15).

3.3.4. Influence of prepolymer functionality
The influence of prepolymer functionality has been
studied on greases containing P4000-MDI (average func-
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tionality 3.4), and P3000-MDI (average functionality 5.1).
These two prepolymers were selected because they pro-
vide very similar NCO contents, for 3% w/w prepolymer
concentration, i.e., 0.036 and 0.039 mol, respectively, as
well as not very different M,, values. As was previously dis-
cussed, these additives do not cause a large initial rheolog-
ical modification of the grease. This fact can be observed in
Fig. 12, where SAOS results are shown for greases contain-
ing one of these prepolymers, 24 h after their manufacture.
Thus, P3000-MDI prepolymer provides a slightly larger
rheological modification during the first days of ageing
(grease E), mainly in the viscous component (G”). On the
contrary, after a long period of ageing (300 days), once
most of the NCO reactive groups have reacted with the
soap network, the linear prepolymer (P4000-MDI) pro-
duces a higher modification in G’ than P3000-MDI
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Fig. 12. Frequency dependence of the storage and loss moduli (a) and tan¢ (b) for selected lubricating greases, containing NCO-terminated polymers with
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branched prepolymer, although G” values are almost iden-
tical (Fig. 13a). This can be attributed to larger polymer
chain flexibility in the case of P4000-MD]I, yielding a more
elastic material (Fig. 13b), as was suggested for curing
reactions of NCO-terminated polyurethanes with different
hard/soft segments for adhesives applications [18].

3.4. AFM observations

Generally, the microstructure of lithium lubricating
greases consists of a fine dispersion of the crystallized
thickener in the mineral oil, usually in the form of long,
twisted and well tangled fibres [2]. These fibres arrange
themselves to form a characteristic microstructure due to

b.
d.
e.

the balance of forces between colloidal particles and oil
medium, depending on soap concentration as well as nat-
ure and viscosity of the mineral oil [20]. Traditionally, the
analysis of grease microstructure has been developed
through TEM and SEM techniques. The most common crit-
icism associated to SEM or TEM observations is that both
techniques are vacuum based, and grease sample must
be submitted to either a freezing treatment or oil remov-
ing, thus distorting the original microstructure. On the
contrary, the advantage of AFM technique is that grease
samples do not need to be perturbed, since the experi-
ments can be carried out under atmospheric pressure [9].
Fig. 14(a-e) show AFM micrographs for selected lithium
greases with added NCO-terminated prepolymers, and

Fig. 14. AFM photomicrographs (window size always corresponds to 10 um) for selected lubricating greases: (a) additive-free; (b) grease A, ageing: 24 h;
(c) grease A, ageing: 300 days, (d) grease D, ageing: 300 days, (e) grease with 0.098 mol free NCO (P4000-MDI).



G. Moreno et al./European Polymer Journal 44 (2008) 2262-2274 2273

compared to the additive-free formulation. The main dif-
ference found in the additive-free microstructure is that
long and not very entangled fibres with large length/width
ratios are noticed (Fig. 14a). On the contrary, much more
twisted and entangled fibres appear in the microstructure
of greases with added NCO-terminated prepolymers. Espe-
cially dramatic is the case of grease A, after 300 days age-
ing, where fibres are clearly more agglomerated (Fig. 14c),
giving rise to larger hollow spaces among them, where oil
is trapped. The same sponge-type microstructure was de-
tected by SEM observations for a grease formulation con-
taining another similar reactive prepolymer as additive
[6]. Intermediate morphology between those obtained in
Fig. 14a and c, respectively, is shown by grease A, after
24 h ageing (see Fig. 14b). This fact corroborates the
hypothesis that the agglomeration of fibres and the devel-
opment of a sponge-type microstructure are associated to
the progress of the reaction between the NCO-terminated
additive and the lithium 12-hydroxystearate [6]. A higher
density of fibres and not so agglomerated is noticed for
grease D (Fig. 14d), which contains a high-molecular
weight prepolymer (P4000-MDI), which may be associated
to the higher prepolymer molecular weight. Very similar
microstructure is found by increasing P4000-MDI concen-
tration to reach the same free NCO molar content than in
grease A (Fig. 14e).

3.5. Mechanical stability of greases

From a tribological point of view, a lubricating grease
sample should be physically and chemically stable during
operation in a bearing. In this work, the mechanical stabil-
ity has been simulated through the traditional penetration
measurements before and after the standardized roll-sta-
bility test. Table 6 shows the penetration values obtained
for unworked and worked selected lubricating greases
samples. As a general rule, greases are considered stable
to the continuous shear of rolling elements when the var-
iation of penetration before and after the test is around
zero. As can be observed in Table 6, the lubricating greases
samples studied show unworked penetration values which
correspond to a NLGI grade 1. Grease A and C show a good
mechanical stability similar to that shown by the additive
free formulation, with a variation in the penetration index
slightly lower that zero (around —10 dmm). In the case of
Grease B and D, penetration indexes show rather large neg-
ative increment after grease working, which was previ-

Table 6
Values of penetration for different unworked and worked lubricating
greases, after 24 h ageing

Greases Unworked Worked Penetration
penetration penetration variation
(dmm) (dmm) (dmm)

Reference 3315 3253 -6.2

(additive-free)

A 334.0 325.0 -9.0

B 295.6 254.0 —41.6

C 3154 304.9 -10.5

D 317.9 291.9 —26.0

Table 7
Values of penetration for different unworked and worked lubricating
greases, after 300 days ageing

Greases unworked worked penetration
penetration penetration variation
(dmm) (dmm) (dmm)

A 239.8 353.2 113.4

B 304.9 347.8 429

C 275.1 3235 484

D 329.0 334.6 5.6

ously attributed to an incomplete homogenisation [16].
As a consequence, the roll-stability test favours a better
dispersion, yielding a lower penetration value after work-
ing. Furthermore, mechanical stability is also affected by
sample ageing. Table 7 shows penetration values for se-
lected greases obtained after 9 months ageing. As can ob-
served, and in concordance with the rheological results
previously discussed, all the formulations, and particularly
Grease A, show lower unworked penetration values than
those obtained after 24 h grease ageing, which correspond
to an increase in the NLGI grade from 1 to 3. These results
can be explained, once again, taking into account the
progress of the reaction between free NCO groups and hy-
droxyl groups of the soap matrix. However, worked pene-
tration values are significantly higher than those shown in
Table 6. This is related to a poorer sample mechanical
stability after 9 months ageing. Consequently, it may be
deduced that microstructures induced by reactive NCO-
terminated prepolymers show a higher shear dependence,
which seems to be dampened by increasing prepolymer
molecular weight (see Table 7). Therefore, further work
focused on the mechanical and tribological behaviours of
these greases, as well as on their thermal dependence, is
needed to test the real applicability of these novel
formulations.

4. Conclusions

The rheological behaviour of lithium 12-hydroxystea-
rate lubricating greases may be satisfactorily modified by
adding reactive diisocyanate-terminated prepolymers syn-
thesized from di and trifunctional polyols and polymeric
MDI. The effectiveness of such prepolymers to modify the
rheology of greases is related to the progress of the reac-
tion between terminal isocyanate groups and the hydroxy
group located in the hydrocarbon chain of the lithium 12-
hydroxystearate soap. However, their performance as
additive is highly dependent on both free NCO content
and molecular weight. Thus, the experimental results ob-
tained confirm that it is necessary a balance between pre-
polymer molecular weight and NCO content to yield
optimal rheological modification of lithium greases. More-
over, this balance is modified during ageing, due to the
progress of the reaction promoted. The most important
evolution of the rheological functions during ageing is
observed for greases with high number of free NCO
reactive groups in the reactive bulk. Rheological modifica-
tion is more important at intermediates values of NCO con-
tent/prepolymer M, ratio for a few days after grease



2274 G. Moreno et al./European Polymer Journal 44 (2008) 2262-2274

manufacture. On the contrary, NCO content is predominant
after a long period of ageing, and, consequently, the most
effective modification is achieved for the highest ratio val-
ues studied. Finally, after a long period of ageing, linear
prepolymers yield a larger rheological modification than
trifunctional branched polyols, in spite of their lower
functionality.
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