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Chapter 1
Rapeseed Oil as a Lubricant and Critical Analysis of Lubricants
Obtained with Rapeseed Oil

1.1. Additivation of Vegetal Oils

In many applications, lubricants are obtained from petroleum, but the tendency is to be replaced
by synthetic products or vegetal oils [116], the latter having the advantage of being more
environmentally friendly [9], [163], but their additivation is still an object of study [45], [78]. Among
the most usable plant resources for lubricants, from renewable and environmentally friendly resources,
there are oils obtained from rapeseed (including here the Canadian variant, Canolla), sunflower,
soybean, leenseed, cotton, corn, castor, hemp, olive, palm, saffron, hazelnut etc.. Research has also been
carried out in the last decade for the tribological characterization of more exotic oils that cannot be
produced in large quantities, such as those obtained from rice or rice by-products, sesame, Annona
Muricata, passion fruit, etc.

Today, vegetal oils are also processed to obtain environmentally friendly and non-toxic additives
for lubricants [118]. The additives obtained can have a beneficial influence on the formation of films
by adsorption to the metallic surface, the experimental results reported by Quinchia on the four-ball and
ball-on-disc tribometers being promising.

The molecular chains of fatty acids and polar groups in vegetal oils help to physically fix them
on the bodies in contact, even in severe exploitation [2]. From these studies and from the studies carried
out by [16], [37], it follows that there is a composition in fatty acids, for which the tribological properties
would be better, but today this concentration control is difficult to achieve in a technology for the
market.

Vegetal oils, obtained from certain resources, can have compaositions in somewhat wider ranges,
depending on the geographical area, the nature of the soil and the climate, but they fall within 2...15%,
which will influence the quality of the obtained lubricant to a relatively small extent [17], [64], [114],
[182]. The amount of unsaturated fatty acids may reflect the ability of the vegetal oil to attach to the
metallic surfaces, but also a higher probability of degradation and modifications through chemical
bonding. The particular position of rapeseed oil and Canola oil is noted, with a high amount of mono-
unsaturated fatty acids, highlights the peculiarity of the composition for rapeseed oil (European and
Canadian - Canola type): a concentration of 6...10% saturated fatty acids, relatively low as compared
to other vegetal oils, a concentration of more than 60% mono-unsaturated fatty acids and the presence
of 25...30% of poly-unsaturated fatty acids. Other vegetal oils with similar concentrations of mono-
unsaturated fatty acids (olive oil, sunflower oil) do not perform particularly well as lubricants and,
therefore, the characteristic of this concentration of monounsaturated fatty acids (mainly, oleic acid) in
rapeseed oil, being favorable to tribological applications.

In the beginning, those who formulated vegetal oil-based lubricants used principles and methods
specific to petroleum products, but the resulting products did not meet the performance required by the
industry. Even if the processes and methods have been tailored to the specifics of vegetal-base oils, they
can be used in specific applications, often required by environmental protection legislation. There are
several causes that lead to low efficiency of these lubricants. Classically, a lubricant has a base oil and
addition agents or additives. Studies at the end of the last century proved that the additives used in
mineral oils are not suitable in vegetal oils, especially because of the differences in the composition of
the two types of oils. The role of additives in vegetal oils has been detailed in well-documented synthesis
articles [158], [161].

Vegetal oil based lubricants have limited temperature ranges. Most vegetal oils can work well in
the 60...70 °C range, only a few can work at 100...110 °C. Most of them are ineffective below 0 °C, but
there are exceptions for -30 °C. In addition, their lifespan is reduced due to their susceptibility to natural
or accelerated aging by temperature and/or environment.

In the last decades, vegetal oils have been improved through various technologies applied to both
the culture and the resulting oil [144]. Thus, there are rapeseed oils with a low uric acid content,
rapeseed and soybean oils with a high oleic acid content and castor oil that can be used at lower
temperatures. The additive packages have been adapted to the composition and structure of vegetal oils
and, thus, the performance of these oils has improved.
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At the beginning of the introduction period of vegetal oil-based lubricants, additives from mineral
oils were used. But mineral oils are generally nonpolar, while triglycerides in vegetal oils are polar. The
same additive will react differently and unpredictably in vegetal oils as compared to mineral oils. It is
recommended to use a solubilizing or dispersing agent, as the author of this study did, using guaiacol
(supplied by Fluka Chemica), the chemical formula being noted with C¢H4(OH)OCH; (2-methoxy-
xyphenol), Additives without metals, therefore without ash, are more soluble in vegetal oils. Additive
packages for vegetal oils are few and must be adequately proportioned to keep the lubricant in the
biodegradability class, required by the application. A synthetic presentation of lubricant additives is
given in [179] and Georgescu C. et al. [44] reviewed additives used especially for vegetal oils.

Specialists also introduce the notion of friction modifiers [63], but these additives also have the
role of reducing wear (because the excessive generation of wear particles leads to increased friction).
These additives are often referred to as friction and wear modifiers [57], [100], [122], [151].

Additives, as friction and wear modifiers, can be solid substances (such as spherical particles,
rolled or unrolled plates or "cloths", etc.). Chemically, there are metallic substances (generally, soft
metals, such as Cu [20], [75], [131], Ag [81], [141], Zn, metal oxides such as CuO [150], ZnO [68],
[69], TiO, [26], [53], [68], [77], MnO- [80], but also salts, hydroxides of Mg/Al/Ce [88], [89], hydroxides
of Zn/Al/Mg [86], or metal compounds that have low shear strength, usually in hexagonal structure, such
as sulfides of Mo and W, nitrides, such as hexagonal Boron nitride [1], [56].

Anti-wear and anti-friction additives are present in a lubricant in percentages of 2...3% in car
lubricants. Some additives are not soluble in the base oil, such as Molybdenum disulfide, graphite, etc.
Some additives, even of nano size, have a tendency to separate, agglomerate and, therefore, testing is
necessary.

Bogatu et al. [18] concluded that vegetal oils have natural extreme pressure and anti-wear
qualities and, therefore, they are less additivable as compared to mineral oils, fact that can be explained
by the chemical structure of the compounds in vegetal oils and by other mechanisms of interaction
between the lubricant and the additive, and lubricant and the metallic surface. The seizure load values
of tested mineral oils were higher than those of vegetal oils.

Liu W. and Wang X., in the chapter "Nanolubricants Made of Metals" [92] from the book
Nanolubricants, but also Qiao S. Z. et al. [117] admit that metals are most often used in tribological
applications. Harder and less deformable metal alloys are intended for solid triboelements or coatings
with sliding or rolling motion, while soft metals or their alloys, such as Au, Ag, Cu, Zn, Pb, Bi, Sn, In,
are introduced into the lubricant in order to form continuous films or not, renewable or not, with the
role of reducing wear and friction. The good behavior in contact results from their structure, usually
face-centered, which has several sliding planes and, thus, have a low shear strength in the sliding
direction. This sliding behavior is similar to that of a very high viscosity liquid lubricant.

Meng Y. et al. [99], in an extensive article on recent achievements in tribology, devoted a chapter
to organic and inorganic nano additives, friction reduction mechanisms and protection of moving
surfaces under load.

Along with graphene and MoS;, other 2D materials, such as hexagonal Boron nitride (h-BN)
[19], [55], [72], [152], double-layered hydroxides of Mg/Al [167], nano composites hybrids or mixtures
of metals, oxides and/or metal salts [34], [157], Zn-Ni/Al;O3[8], TiO2/SiO, [58], Al.Oz and TiO; [4] or
even organic salts [90], were introduced as anti-friction and anti-wear additives in lubricants.

Liu et al. [94] produced composite nanosheets of graphene and hexagonal Boron nitride using
high energy mills in ammonia atmosphere, and investigated the tribological behavior of lubricants
formulated with mineral oil as base oil. The stronger interaction between graphene nanosheets and h-
BN has been shown to reduce wear and friction[93].

Manu B. R. et al. [97] carried out a valuable review of research in the field of 2D materials that
includes graphene [49], but also oxidized graphene [108], hexagonal Boron nitride, MoS; [15], [119]
and other 2D materials [67], [82], [83]. Other oil additives are metallic or non-metallic nanoparticles
[146], [160], metallic or non-metallic oxides [115], [148] and inorganic nano composites [6].

Several researchers have mixed two or more of the compounds listed above as a package of oil
additives, research being mostly done on motor oils.
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In Rudnick's book (Lubricant Additives) [122], there is a chapter dedicated to the additivation of
vegetal oils, which reflects the researchers' interest in improving the tribological behavior of this group
of lubricants, vegetal oils + additives [99]. h-BN is described as a solid lubricant with a structure similar
to graphite and WS, used for special applications [76], or, for example, as an additive in porous bearing
lubricant [111].

1.2. Properties of Hexagonal Boron Nitride

Boron nitride is a compound of Boron and Nitrogen, refractory, thermally and chemically
resistant, with the chemical formula BN [40]. The graphite-like hexagonal form, h-BN, is the most
stable and soft among the allotropic forms of BN and it is used as a solid lubricant and an additive in
lubricants [21].

Boron nitride exists in several allotropic forms, with different arrangements of Boron and
Nitrogen atoms, giving rise to varying bulk properties of the material (Fig. 1.1).

Amorphous Boron nitride (a-BN) is similar to amorphous carbon. The other allotropic forms of
Boron nitride are crystalline.

The hexagonal form (h-BN) is a stable crystalline form, also called graphitic Boron nitride. It has
a layered structure, similar to graphite. Within each layer, there are strong covalent bonds between the
Boron and Nitrogen atoms, but between the layers there are weak van der Waals forces [36].

Cubic Boron nitride (c-BN) has a structure similar to that of diamond.

The wurtzite form (w-BN) has the same structure as a rare hexagonal carbon polymorph. As in
the cubic form, Boron and Nitrogen atoms are grouped into tetrahedra [14], [127]. Recent studies have
measured the hardness of w-BN at 46 GPa, slightly higher than commercial Boron nitrides, but softer
than the cubic form of Boron nitride [123], [140].

e =L T
J'&ﬁkﬁ)—-‘

e e % O
a) Hexagonal shape, b) Cubic shape (c-BN) ¢) Wurtzite form (w-BN)
analogous to graphite (h-BN)
Fig. 1.1. Allotropic forms of BN [170]

1.3. Applications of Hexagonal Boron Nitride (h-BN)

Hexagonal BN (h-BN) is the most widely used allotropic form of Boron nitride. It is a good solid
lubricant, both at low and high temperatures (up to 900 °C, even in oxidizing atmospheres) [127], [165].
As a solid lubricant, h-BN is useful where the electrical conductivity or chemical reactivity of graphite
(as alternative lubricant) would be problematic. Another advantage of h-BN over graphite is that the
lubrication process does not require water or gas molecules trapped between the layers. Solid h-BN
lubricants can also be used in vacuum, in space applications. The lubricating properties of h-BN are
used in cosmetics, paints, dental materials [170].

h-BN was firstly used in cosmetics around 1940s, in Japan. Due to its high price, h-BN was
abandoned for this application. Its use was revitalized at the beginning of the 3rd millennium. And
currently, h-BN is used by many cosmetic manufacturers and in tribological applications.

Hexagonal Boron nitride can be exfoliated in monolayers or in few atomic layers. Because of its
structure analogous to that of graphene, atomically thin Boron nitride is sometimes called "white
graphene” [130], [177].

Boron nitride is one of the best electrical insulators. Monolayer Boron nitride has a Young's
modulus of 0.865 TPa and a tensile strength of 70.5 GPa and, in contrast to graphene, whose strength
decreases dramatically with increasing thickness, few-layer Boron nitride sheets have a strength similar
to that of monolayer Boron nitride [61], [112].
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1.4. Hexagonal Boron nitride as an additive in lubricants

Hexagonal Boron nitride (h-BN) is a reference solid lubricant in the class of inorganic lubricants
with lamellar structure, which also includes Molybdenum disulfide, graphite and other sulfides,
selenides and tellurides of Molybdenum, Tungsten, Niobium, Tantalum and Titanium. Boron (B) and
Nitrogen (N) atoms are covalently bonded to other atoms in the plane with an angle of 120° between
two bonds (each boron atom is bonded to three nitrogen atoms and each Nitrogen atom is bonded to
three Boron atoms). The hexagonally structured planes are bound together by weak van der Waals
forces.

Frictional forces cause the Boron nitride particles to orient in the direction in which the planes
are parallel to the sliding motion. The anisotropy of mechanical properties provides a combination of
low coefficient of friction and high loading capacity of Boron nitride. Boron nitride forms a strongly
adherent lubricating film on the surface of the substrate. The lubrication sheet ensures good wear
resistance and resistance to detachment (compatibility).

The coefficient of friction of Boron nitride is in the range of 0.1-0.7, which is similar to that of
graphite and Molybdenum disulfide. Impurities (e.g., Boron oxide) adversely affect the lubricating
properties of Boron nitride.

The main advantage of Boron nitride, as compared to graphite and Molybdenum disulfide, is its
thermal stability. Hexagonal Boron nitride retains its lubricating properties up to 2760 °C in an inert or
reducing environment, and up to 870 °C in an oxidizing atmosphere. Boron nitrite has a high thermal
conductivity.

Some applications of hexagonal Boron nitride are: additive at nano scale in lubricating oils [1],
[24], [56], [152], antifriction coatings, polymer based composites, second phase in antifriction coatings
or metal-based composites, solid lubricant in metal forming, sintered ceramic parts for high temperature
applications.

There is research in other Boron-based additives. For example, Bas H. et al. [10] studied the
tribology of an engine oil, in which they added two types of Boron additives, each in different
concentrations. The addition of boric acid (HsBO3) and h-BN reduced the friction coefficient by
10...50%, the optimum concentration being determined at 4 wt% for both boric acid and h-BN.

1.5. Experimental Studies with h-BN as an Additive in Lubricants

Abdullah M. I. H. C. et al. [1] investigated the effect of h-BN nano particles in SAE 15W-40
diesel engine oils, considering it to have a similar effect as extreme pressure (EP) additives. Testing
was performed using a four-ball tribometer according to ASTM standard D2783/21 [184]. More
adhesive wear was observed on the worn surfaces of the ball bearings, lubricated with SAE 15W-40
engine oil as compared to nano-oil lubrication. The results of the experimental studies demonstrated the
potential of h-BN as an additive to improve the loading capacity of lubricating oil. The additivated
lubricant was formulated by dispersing an optimal composition (0.5% vol) of 70 nm h-BN nano
particles in SAE 15W-40 diesel engine oil using an ultrasonic homogenizer for 20 minutes with 0.5%
surfactant (oleic acid) to prevent sedimentation of nano particles. The surfactant had no significant
effect on the tribological performance of the lubricants.

In a documentation dedicated to 2D nano additives, including here hexagonal sheet-type
structures, specific to graphite and graphene [87], [162], WS, [73], M0S; [153]. Xiao H. et al. [156] also
include h-BN, as an additive alongside phosphorus additives [101], [102].

Shafi W. K. and Charoo M. S.[133] studied the rheology of sesame oil doped with h-BN nano
particles. Tests were performed on a MCR102 rheometer Anton, at different temperatures (20 °C, 50
°C and 70 °C), the nanolubricant being characterized by a non-Newtonian behavior for the tested shear
rates.

Yildirim C. V. et al. [159] developed a nano lubricant by adding h-BN particles (65...75 nm,
99.85% purity) in the oil, helping the machining of Inconel 625 steel. Tribological parameters specific
to the machining process were analyzed: lifespan of the tool, the roughness of the part and the tool, the
wear of the tool and the temperature at the tool-workpiece interface. The results showed that a
concentration of 0.5 vol% h-BN in the machining fluid resulted in reduced wear and higher tool
durability. The cutting fluid containing 1 vol% h-BN produces the lowest tool interface temperature in
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terms of cooling condition. The nano-fluid (1 vol%) reduces the temperature by 30.25%. Nano additives
retain the oil particles, preventing the immediate release of cutting oil from the cutting area and, thus,
it lubricates better. However, with increasing h-BN ratio in the coolant, there is a reduction in tool
lifespan and an increase in surface roughness.

Bondarev et al. [19] used h-BN nanoparticles, with different morphologies (hollow particles, with
smooth surfaces, butterfly or petal type particles, globular, formed by numerous h-BN nanosheets,
added to a PAOG lubricant; 100Cr6 metal surfaces in contact were tested in the presence of PAO6+BN
lubricants with 0.1% and 0.01% Boron nitride as additive.

Thachnatharen et al. [147] introduced different concentrations of hexagonal Boron nitride (h-
BN) into the lubricant, with an average particle size of 70 nm, in SAE 20 W50 Military grade diesel
engine oil: 0.5 wt%, 0.25 wt%, 0.05 wt%, 0.025 wt%. The test parameters were 1200 rpm (4-ball
machine spindle angular velocity), 392.5 N (force), 3600 s (test duration) and 75 °C (oil temperature).
The lubricant with h-BN produced a 20.5% lower friction coefficient and a 9.47% smaller wear scar
diameter as compared to those obtained with the base oil. The balls had a diameter of 12.7 mm.

1.6. Graphene as an Additive in Lubricants

Graphene, diamond and fullerenes have been studied as additives in lubricants by Cursaru D. et
al. [30] and Lee et al. [85], Shahmohamadi et al. [134], Lee K. et al. [84].

Eswariah V. et al. [38] synthesized deoxygenated graphene, which has fewer network defects and
is hydrophobic, dispersing well in oil. The wear scar diameter (WSD) decreased by 33% and the friction
coefficient by 80% for 0.025 mg/mL graphene in engine oil. Without changing the rubbing surfaces,
graphene reduced friction, but with increasing concentration, WSD and friction coefficient increased.
The graphene was mixed with oleic acid for better dispersion in the base oil.

Lin J. et al. [91] studied the dispersion of graphene sheets in oil and tested several dispersing
agents. Tests were done on the four-ball machine, at 1200 rpm and 147 N, at 75 °C, for 60 minutes.
They concluded that stearic acid and oleic acid were the most suitable dispersants. 0.075 wt% was the
optimal graphene concentration, reporting an improvement in wear and increased contact load capacity.
Graphene nano platelets were mixed with stearic acid and oleic acid (mass ratio 3:5) in 40 mL
cyclohexane by ultrasonication for 30 min at room temperature.

The conclusions of Lee and Hwang's study are as follows [85]:

- the addition of nano particles in lubricants improves their characteristics as compared to
micro-sized additives; the nano particles in contact take part of the load and behave like very small
rolling bodies [32], [35], [66],

- oils with fiber type particles (e.g. carbon nano tubes, PTFE) have higher friction coefficient
values than those obtained with lubricants with spherical nano particles or all similar sizes, probably
because of the way they make contact and the fact that spherical particles tend to roll more easily and
to level the texture of surfaces in contact,

- the fibrous nano particles agglomerate more easily than the spherical ones, so that their
thickness becomes greater than the thickness of the lubricant film, resulting in an increase in roughness,
an embarrassment to the circulation of the lubricant, especially when entering in contact.

Graphene is considered an emerging lubricant [11], [12], [13]. However, the potential of graphene
as a lubricant remains unexplored. Its properties can vary a lot, depending on the size of the sheets and
their shape; thickness and defect density of graphene alter the mechanical and tribological properties.

However, the reported tests are of short duration and the results cannot be extrapolated over long
periods of time, as required in actual applications. And, from these data, the need to test the formulated
lubricant was highlighted because the results differ a lot, depending on the environment, test conditions,
etc.

1.7. Conclusions on Lubricant Additivation with h-BN and Graphene
The following conclusions emerge from the studied documentation:
- good results are reported for the additivation of lubricant oils with friction and wear modifiers,

but those with reference to additivated vegetal oils are very rare [135],
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- the proposed experimetal study has chances to formulate lubricants by adding nano h-BN, with
improved tribological properties,

- the additive package (h-BN + graphene) has been proposed recently, only in a few articles but,
from the consulted documentation, no researcher has tried to introduce this package into a vegetal oil.
Liu Y et al. [94] produced a mixture of additives (h-BN +graphene) in mineral base oil, observing a
better behavior at loads in the severe domain, increasing the seizure load value.

Table 1.1 provides a description of the mechanisms that occur in lubrication with fluids
containing nano particles. The drawings are taken from [132], [163], but similar sketches are also given
by Wu Y. Y. [155].

Tab 1.1. Mechanisms occurring in nanolubricant contacts [132

Mechanism

Sketch

Benefits

Disadvantages

Rolling of
nanoparticles
between the
surfaces of

- Reduction of friction

- Fragmentation,

- Scratching,

- If the particles do not
keep a shape favorable to

solid bodies rolling, friction increases
Texture - Reduction of - Uneven deposits on the
leveling by roughness surface,

filling very parameters - High asperities remain

deep recess
with particles

- Filling very deep
recess

uncovered

Polishing (a
light abrasive
process)

- Surface finishing

- The disappearance
of very high and sharp
peaks favors the
appearance and
maintenance of a
continuous film of
fluid

- Increasing wear and tear
- Growing game

Generation of
a protective
tribolayer
(continuous or

Reducing damage to
solid parts

Taking charge more
evenly

- The film may be
uneven,

- film stability implies
chemical reaction

not)

Thampi et al. [149] concluded the following.

- The use of nanoparticles is reported by researchers to be beneficial for improving the
tribological characteristics of lubricants. It is stated that the addition of 0.1...0.5wt% additive is
sufficient to significantly improve the tribological properties but it does not provide arguments in favor
or against other concentrations.

- Other authors have reported promising results for 1% to 3% nano additives. Obviously, the
price of the lubricant is increasing and, often, the package of nano additives is limited by regulations
regarding toxicity and/or biodegradability. Good results for the additive in a concentration of 1%wt
were obtained by Cristea G.C [25], [27], [28], in soybean oil, lonescu T.F. [68], [70] with rapeseed oil
as base oil, llie F. [67], Paleu V. [107], [108], [109].

- The presence of nano additives in lubricants determines the development of specific
mechanisms to protect the surfaces in contact, to reduce wear and friction [3], [113], [155]: the rolling
of nanoparticles, the polishing mechanism, the mechanism of filling the bottom of the surface texture
and the formation of a protective film. Following the analysis of recent works [42], [68], it was found
that in the case of powder or nano plate additives, there is no continuous or discontinuous protective
film, but only a mechanical fixation of the particles in the profile of the moving surfaces, which acts as

10
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shock absorbers, as intermediate load takeovers, even in the conditions of their agglomeration or
fragmentation.

- Nano additivation poses the question of the stability of dispersions, the synthesis of nano
additives and their price.

In 2021, a paper appeared in Tribology International, in which the additive package (h-BN +
graphene + ionic liquid) was introduced into a synthetic oil, polyalphaolefin 32, PAO, using the first
two additives in low concentrations, 0.05 wt% graphene/0.1 wt% h-BN [101]. A ball-on-disc tribometer
was used. This work, developed a few years after the theme for the doctoral thesis was set, proves that
the interest in these additives was and is in the attention of researchers.

A model for a graphene-containing lubricant is presented by Zhang W. et al. [166], suggesting
that graphene nanosheets attach to solid surfaces, “wrinkling” on contact, shifting, shearing or breaking,
but maintaining a very thin graphene layer, in dynamics. Graphene concentration does not appear to
significantly influence the friction coefficient, but the WSD decreases with increasing graphene
concentration up to 0.06%, after which the increase has a very small slope, with the smallest scatter of
values for 0.08% graphene, the range with 0.6...1% graphene giving WSD with small variation. The
lowest value for COF was obtained for the oil with PAO+0.1% h-BN and PAO with h-BN and graphene.
And this author noticed a disadvantage of these lubricants, the sedimentation of additives over time.

1.8. Conclusions and Objectives of This Study

From the studied literature, the following trends are observed:

- intensifying research for the use of rapeseed oil as an industrial lubricant, additivated or not,

- the formulation of lubricants based on vegetal oils with the attempt to highlight the peculiarities
of their tribological and rheological behavior,

- the production and introduction of nano additives into lubricants with still contradictory results.

The objectives of this thesis are:

- theoretical evaluation of the lubrication regime for rapeseed oil, for working parameters (load,
sliding velocity, temperature) and viscosity and calculation of the minimum thickness of the rapeseed
oil film for the tested regimes, for an initial evaluation of the working regime (mixed or with fluid film),

- the design of a laboratory-scale technology for the additivation of rapeseed oil with h-BN,
graphene and a package of h-BN and graphene,

- designing a test campaign that includes two regimes, normal working regime and severe regime,
based on a set of variables (nano additive concentration, sliding speed and load on the 4-ball tribotester),

- evaluation of the tribological behavior by analyzing several parameters (friction coefficient,
wear scar diameter and wear rate of the wear scar diameter, temperature in the lubricant bath at the end
of the test),

- testing of friction and wear modifying additives (h-BN, graphene and h-BN+graphene) on the
four-ball machine,

- evaluating the results and determining the influence of h-BN concentration, for working regime
(with load and sliding speed in enlarged ranges), comparing the results for rapeseed oil, rapeseed oil
with 1% h-BN and rapeseed oil +1% h-BN + 1% graphene,

- determination of flammability characteristics on hot surfaces (the highest temperature at which
three repeated tests do not ignite the oil and the lowest temperature at which the oil ignites, at least one
test out of three), for rapeseed oil and rapeseed oil + 1% h-BN,

- dissemination through participation in projects, international and national conferences,
publication of articles.

Figure 2.1 presents the diagram of this thesis.
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Chapter 2
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Chapter 3
Evaluation of Lubrication Regime for Sliding Ball-to-Ball Contact

3.1. The Calculation Model of the Thickness of the Fluid Film

In a lubricated tribosystem, the fluid film that forms between the two bodies can have thicknesses
that can vary between 101° m and 10° m [49], [318], [85]. The thickness of the fluid film is a parameter
that characterizes, from a tribological point of view, a contact, in the case of this study, a point contact.

Hamrock and Dowson [142], [85] proposed a model for calculating the film thickness, both for
the minimum value and for the thickness value near the plateau before the minimum thickness (also
called the central thickness of the lubricant film).

From the study of the hydrodynamic lubrication model, it is known that lateral fluid losses reduce
the lift for a given film thickness [85]. So, this phenomenon has an effect opposite to that observed in
practice in hardly loaded contacts (formation of a load-bearing film).

Considering an isothermal process (specific to the stabilized regime), dynamic viscosity of the
fluid in loaded contact remains a function dependent only on pressure:

From the solutions obtained by numerical methods, two very important observations can be made
(Fig. 3.1).

tcoria lui
Greenwood

t¢oria lui
Hertz

u

hix — ; l Greenwood
1 X ” .
(x) he Nmin

ill’l POl AT I TR ETFTTIENTFITTFTTT T ITITIFTTT> )\_‘_

T x

Fig. 3.1. The elastohydrodynamic contact [85]

Over most of the contact width (2a in Fig. 3.1), the pressure is so high that the viscosity is several
orders of magnitude higher than its value at atmospheric pressure. So, if the pressure gradient dp/dx
must have realistic (not infinite) values, the film height variation must be very small, almost zero
(denoted by hy). From the mathematical model of EHD lubrication and the imposed boundary
conditions, the film thickness should be very little variable over almost the entire high pressure area. As
in heavily loaded contacts, the Hertzian pressure distribution is a satisfactory model of the actual
pressure, there must be large pressure gradients near the edge of the loaded zone, towards its interior, to
reduce the pressure to the atmospheric value.

At low pressures and viscosities, characteristic of the contact exit zone, large pressure gradients
can only be achieved if the film thickness is reduced towards the exit zone. The numerical solution of
the equation shows a pressure peak and a bulge of the bodies in contact towards the exit of the contact.
For soft materials, this peak is greatly attenuated, it even disappears, the pressure distribution being
asymmetric as compared to the Hertzian one, the maximum being shifted towards the contact exit zone
[85], [318].

In conclusion, the film thickness and the contact lift were obtained by numerically solving the
system consisting of: the Reynolds equation, the law of elastic deformations of solid bodies, the law of
variation of viscosity with pressure.

For point contact, the following calculation formula is applied [85], [142], [244], being considered
valid for a large number of combinations of materials in contact, including steel on steel, and for
maximum pressures up to 4 GPa.
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u- Mo 0.68 —-0.073
hpin = 3.63-R (—) (o - EN049. 1 — =068k 3.2
min 7)) @B ggz) (- (32)
whre hy,i, — minimum fluid film thickness; U — the relative velocity of the solids upon contact;
U — (UA+UB) (33)

2
U, and Ug are the velocities of the bodies A si B; n, — the dynamic viscosity of the fluid, at normal

pressure; E’ — the equivalent modulus of elasticity, v,, vg — Poisson's coefficients for bodies A si B;
R, —equivalent radius of curvature, o — pressure dependence coefficient of viscosity or piezoviscosity
coefficient;
4
o= %ﬁio"“) [MPa] [15], [50], [107] (3.4)
H
pu — Hertzian pressure; W — normal load in contact;
k — the ellipticity parameter;
k=a/b
(3.5
with a — the semiminor axis of the contact ellipse; b — semimajor axis of the contact ellipse.

For sphere-sphere contact, k = 1.

In the four-ball tribotester, the load applied in the direction of the machine axis is distributed on
the three fixed balls. The system has three sliding ball-ball contacts and three non-moving ball-ball fixed
contacts. So, the contact between two balls is characterized by:

- load in contact

F F
- 3-cos(a) = 3-c0s(35,264°) [N]
U, # 0 (the upper ball, with the center on the axis of the machine)
- sliding speed

(3.6)

—Ua_1 2mn Rp
U= > T3 e \/g[m/s] (3.7

where F —the load applied in the direction of the machine axis; n — the rotational speed of the main shaft
of the machine, implicitly the angular speed of the fixed ball, attached to the shaft of the machine through
a clamping system, in rpm.

Hamrock and Dowson, in a NASA technical report, determined the fluid film thickness as a
function of following dimensionless factors [33], [60], [142]:

- the film thickness factor H = fmin (3.8)
- speed factor U= (E%) (3.9
- material factor G=(a-E) (3.10)
- load factor W= (%) (3.11)

- the contact shape factor (ellipticity factor), k.
For a contact between two identical spherical solids, equation (3.2) is rewritten as follows:
H = 3.63 - U%68 . G049 . \y-0.073 . (] _ o=0.68) (3.12)

In 1978, Hamrock and Dowson [60], proposed a classification of lubrication regimes according
to the behavior of the materials in contact. Solids can be rigid or elastic and fluid can have constant or
variable viscosity. By combining the solid variants with the fluid variants, four lubrication regimes are
obtained:

« isoviscous-rigid regime (IVR) (rigid solids — fluid with constant viscosity),

* piezoviscous-rigid regime (PVR) (rigid solids — fluid with variable viscosity),

* isoviscous-elastic regime (IVE) (elastic solids — fluid with constant viscosity),

* piezo-visco-elastic regime (PVE) (elastic solids — fluid with variable viscosity).

The design first evaluates what type of lubrication regime is generated based on the design data,
knowing the properties of the fluid lubricant and those of the solid triboelements.

The method of calculating the lubrication regime is done with the help of a set of parameters [142]:

— 2
- the lubricant film parameter H=H- (%) (3.13)
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_ GwW?

- the viscosity parameter Gy = Uz (3.14)
. we/3

- the elasticity parameter Gg = Uz (3.15)

- the ellipticity parameter, k, (kept constant) (3.16)

H is the fluid film thickness factor given in relation (3.12).

For each type of regime, the particular relations for calculating the dimensionless thickness of the
fluid film are [142], [244], [318]:

- - the isoviscous-rigid regime

T 2

-2

(Hpin)ivr = 128-k™2-10.131 - arctg 1%2 +1.683 (1 +§-k-“/2) (3.17)
- the piezoviscous-rigid regime
(Hmin)pvr = 1.66 - Go/ > (1 — e=068') (3.18)
- the isoviscous-elastic regime
(Hmin)ive = 8.70 - G367 - (1 — 0.85 - e7031K) (3.19)
- the piezo-elastic regime
(Humin)pve = 342 Gy** - GE17 - (1 — e7¢%) (3.20)

The identification of the lubrication regime is important for evaluating the energy consumed by
friction and for estimating the probability of a change in the lubrication regime in case of a change in
the state of the surface due to wear and/or a change in some parameters (temperature, load, speed).

Having identified the lubrication regime and calculated the dimensionless thickness of the fluid
film, with the relation specific to the lubrication regime, (3.17) — (3.20), its actual minimum thickness is:

hnin = ((ﬁmin) Re- (VEV)Z) (321

The method described below is also presented theoretically by Stachowiack [142] and Olaru
[105]. The determination of lubrication regimes is based on the following assumptions:

- lubrication regime is stabilized (constant temperature, constant viscosity at working pressure
and temperature (therefore, also in calculation),

- the model of the lubricated contact is a point contact, ball on ball with sliding, and it is
isothermal,

- the contact is fully lubricated (there is enough fluid so that in the analyzed volume of the contact
there are only the materials of the spheres and the lubricating fluid),

- it is considered that the contact failure does not occur.

The creation of the map of lubrication regimes, for a point contact, is done in a double logarithmic
coordinate system, with the dimensionless elasticity parameter Gg on the abscissa and the dimensionless
viscosity parameter Gy on the ordinate. In Fig. 3.2, a map of the lubrication regimes for rapeseed oil is
given, at the lubricant temperature of 37.8 °C.

The method of drawing maps of the lubrication regimes, for a contact determined in shape by
ellipticity (k =1 for sphere — sphere contact) includes the following steps:

1. calculation of the dimensionless parameter of the fluid film thickness ((Hpin)vr ), With the
relationship (3.17),

2. the parameter ((ﬁmin)wR), as calculated in step 1, equals the dimensionless parameter of the
lubricant film ((ﬁmin)pVR), given by relation (3.18) and the dimensionless viscosity parameter is

determined Gy ;:

((ﬁmin)IVR ) 10378

141.(1_e—0.0387-kﬂ/2)

Gy, = (3.22)

3. For k =1 imposed, with the dimensionless value of the fluid film thickness ((ﬁmin)IVR),
calculated in step 1, and with the value of the dimensionless speed parameter Gy ; calculated in step 2,
the elasticity parameter is calculated Gg ;:
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_ 1/0.17
G, = (min)y) ] (3.23)

3.42-Gy3-(1-e068K)

It is obtained the point A, 1, of coordinates Gg ; si Gy 1, Which is the first point of the boundary
curve between the lubrication regimes PVE and PVR. The border between the IVR regime and the PVR
regime is drawn, through a horizontal line through the point A ; to the ordinate axis.

4. With the same values for the parameters k and ((ﬁmin)IVR), the elasticity parameter is

calculated Gg ,:
— 1/0.67
((Hmin)ivr) (3.24)
8.70 - (1 — 0.85 - e~0:31k)
5. With the same parameters from step 4, along with the value of Gg ,, a new viscosity parameter
is calculated Gy ,:

GE,Z =

(3.25)

Gy, =

(e ) ]7""
3,42 Gpy - (1 — e 068K)

It results the point A, ,, of coordinates Gg , and Gy . The point A, , is the first point of the sepa-
ration curve between the PVE and IVE lubrication regimes. The points A; ; si A, , join with a straight
line and the boundary between the IVR regime and the PVE regime is obtained. The boundary between
the IVR and IVE regimes is drawn, through a vertical line through the point A, , to the abscissa axis.

Another value is chosen for ((ﬁmin)wR), higher than the previous one and repeat the steps from
step 2 to step 5, obtaining the points A;; si A;,. Punctele A; 4, A, 1, ..., Aj1 join, the resulting curve
being the border between the PVR and PVE regimes. The points A, ,, A, 5, ..., Aj, determine by a
straight line the boundary between the PVE and IVE regimes.

3.2. Lubrication Regimes, Calculated for Sliding Ball-Ball Contact, Lubricated with
Rapeseed Oil

For the rapeseed oil (identified by its dynamic viscosity at temperature t), the lubrication regime
for the test regimes was calculated. The test regime is customized by the sliding velocity and the force
applied to the machine axis, i.e. on the fixed ball. Calculations were performed for sets (F, v), with the
values that were also used for the test campaign: for sliding speed v = 0.23 m/s, v=0.38 m/s, v=0.53 m/s,
v =0.69 m/s and v=0.84 m/s and load (F = 100 N, F =200 N and F = 300 N).

The author used an Excel program, created together with associate professor eng. Constantin
Georgescu, PhD [110], [111], which quickly calculates the minimum fluid thickness and parameters
necessary to draw the maps of lubrication regimes. Material and lubricant characteristics can be entered
(viscosity, as a value dependent on a constant temperature — that is characteristic of the stabilized regime,
and pressure through o), sliding speed, load.

The map of the lubrication regimes was drawn under the assumption that the operation of the
lubricated contact is done in a stabilized regime, i.e. without variations in external load and speed, and
in isothermal conditions. If the graph of rapeseed oil temperatures in the ball cup bath is analyzed, it can
be seen that the selected temperature values are also found in the experimental data: approximately 40
°C for the load of F=100 N, in the speed range of 0.23...0.53 m/s, approximately 50 °C, in the same
speed range of 0.23...0.53 m/s, but the load of F=200 N and 300 N, 60 °C for the speed of 0.69 m/s at
F=200 N and F=300 N and for speed v=0.84 m/s at F=200 N.

For point contact, for the rapeseed oil in the four-ball tribotester, the lubrication regime is piezo-

viscoelastic (PVE). Positioning of determined points for each set (F, v,n(t) ) is very close to the

lubrifiant
boundary between the PVE regime and the IVE regime.

The balls used in the test campaign are polished (Ra = 0,03 um), made of chrome alloy steel (a brand
intended mainly for bearing balls), having a diameter of 12.7 mm. The maximum pressure in contact,
calculated with Hertz relation is 2185 MPa for the load F=100 N, 2753 MPa for F=200 N and 3151 MPa
for F=300 N.
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Table 3.1. Dynamic viscosity for rapeseed oil at different temperatures [243], [98], [81]

Temperature [°C] Dynamic viscosity [cP]
37.8 0.0449
48.7 0.0303
60 0.0214

Table 3.1 presents the values of the dynamic viscosity of rapeseed oil, selected from the literature,
for certain temperatures. The dependence of dynamic viscosity on temperature is similar for vegetal oils
and, although at room temperature some oils have higher values (as in the case of Lesquerilla oil, with
a viscosity ~3 times higher at ambient temperature), at 100...110 °C, their viscosities are only slightly
higher than that of rapeseed oil and sesame oil. The problem is that the source of Lasquerilla and sesame
oil is not in large quantities, as is the case with rapeseed oil.

Figure 3.3 shows a detail of the map in Fig. 3.2, with the same legend, to better observe the
positioning of the test regimes on the four-ball tribotester.
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Fig. 3.2. Map of lubrication regimes for rapeseed oil, with ellipticity parameter k = 1, isothermal
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pemsEEans e Pessssssssssnsens Fressssscasecnss ! 1 O0E+13
: k=1 Rapeseed oil :

r ———————————————— r ---------------- 7 NC—— 1. 00E+12

P ey s i ' 1.OOE+11
o . H
, '
' ' rd ' '
L e L e pe=msmmsmeeeeeaaai | Q0E+10
H i ' H
P .
4 IVE
7’ H
7 H
H P ' ' H
r T T 1 1.00E+09
1 OOE+08 1.00E+09 1 OOE+10 1 OOE+11
G

Fig. 3.3. Detail of the map of lubrication regimes for rapeseed oil, from Fig. 3.2

17



Dionis Guglea
Assesment of Tribological Behavior of Several Lubricants Based on Rapeseed Oil and Nanoadditives
(Hexagonal Boron Nitride and Graphene)

3.3. Calculation of the Minimum Thickness of the Fluid Film

If rapeseed oil is used in a stable regime at 60 °C, it can be seen that the load has only a small
influence on the theoretical minimum film thickness, which means that the load variations in this range
allow for having almost the same regime for the tribosystem. Thus, if one compares the value of hmi, for
F=300 N with the one for F=100 N (with the same speed of 0.83 m/s, at 60 °C), increasing force produces
only a 12% decrease in hmin.

Fig 3.4 shows plots of minimum film thickness for rapeseed oil, hmin, as a function of sliding
speed and load on the four-ball machine shaft.

After the test campaign on the four-ball machine, the average friction coefficient for two tests has
values lower than 0.1, meaning that a full film could be generated as predicted by the lubrication regime
map for 60°C.

Calculated with relations (3.20) and (3.21), the minimum fluid film thickness for rapeseed oil for
the same speed and force ranges as tested ones on the four-ball machine is given in Fig. 3.5 and Fig. 3.6.
The minimum fluid film thickness is more influenced by the relative contact velocity and the fluid
viscosity, i.e., the velocity parameter U.
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Fig. 3.4. Dependence of the minimum thickness of the fluid film, theoretically calculated as a function
of the sliding speed and temperature stabilized for a) 100 N, b) 300 N (for a point contact)
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Fig. 3.5. The minimum thickness of rapeseed oil  Fig. 3.6. The minimum thickness of rapeseed oil
film, at the temperature of 38.9 °C (stabilized film, at a temperature of 60 °C (stabilized
regime), depending on the sliding speed regime), depending on the sliding speed,

If one analyzes the two graphs in Fig. 3.5 and Fig. 3.6, it is found:

- the shape of the curves is similar,

- the minimum theoretical thickness of the fluid film is of the order of 10® m (micronic, even
smaller),
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- the influence of contact force is lower as compared to the influence of sliding speed on the
minimum thickness of the rapeseed oil film,

- at the three temperatures analyzed for rapeseed oil in contact, the highest minimum thickness is
obtained for the highest sliding speed (v = 0.84 m/s) and decreases slightly with force and for 60 °C,

- temperature has a strong influence on the minimum thickness of rapeseed oil, hp,i, @sec) IS
about one and a half times larger than h,,;;, 4s.9°c),

- velocity has less influence at higher temperature or in other words, it has less influence for
fluids with low dynamic viscosity.

The thickness of the fluid film is influenced to a lower extent by the force [85], [142].

With the same results for lubricant film thickness, graphs can be drawn to highlight the
dependence of film thickness on temperature and another parameter, for example load or sliding speed.
The same conclusion can be formulated: over the studied temperature range, the theoretical operating
regime of the tribosystem does not change. For F=300 N, it is observed that the largest film thickness is
obtained for the highest sliding speed, a trend that is consistent with the model and calculations
performed by Dowson and Higginson [85]

3.4. Conclusions on the Theoretical Regimes of Rapeseed oil lubrication

The lubrication regimes, characterized by the set (F, v), were positioned on the maps, with the
same force and speed values as in the test campaign and for three temperatures (37.8 °C, 48.9 °C and
60 °C). Rapeseed oil generates a piezo-viscoelastic (PVE) lubrication regime in the four-ball
tribosystem.
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Fig. 3.7. Comparison of theoretical minimum lubricant film thickness values for ranges of sliding
speed, temperature and load
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Using the dynamic viscosity of rapeseed oil at certain temperatures (determined at the end of the
test) and the piezo-viscosity coefficient, as reported in the literature, the theoretical minimum film
thickness was calculated. For rapeseed oil, the calculated thicknesses of the fluid film are very close and
comparable to the roughness value Ra of the initial surfaces in contact. The minimum theoretical
thickness of the rapeseed oil film was calculated for the parameters of the working regime (similar to
the one in the actual tests (F=100...300 N, v=0.23...0.84 m/s and the temperature of the rapeseed oil in
the ball cup 38.9 °C to 60 °C).

From running the theoretical model, described above, for ranges of force, sliding speed and
temperature, it is found (Fig. 3.7):

- rapeseed oil can form a film under certain operating conditions; it is recommended that the
metal surfaces in contact be as smooth as possible, in order not to have asperities that interrupt the
lubricant film;

- the influence of temperature: the increase in the temperature of the lubricant in contact causes
the reduction of the viscosity of the fluid, this process participating in the reduction of the minimum
theoretical thickness of the fluid film,

- the influence of the sliding velocity, at the same temperature and the same force in contact, is
manifested by the increase of the minimum thickness with the increase of the speed,

- the influence of the load: when the contact force increases at the same temperature and speed,
the minimum thickness decreases, but the influence of the load is smaller than the influence of the sliding
speed.

If one considers the roughness reported by [103] for SKF balls for the 4-ball tester,
Ra=0,018...0,035 um, and the relation for evaluating the lubricated regime, through the parameter A

himi himi
A= min — min , (326)

/R51+R52 1.15- /R§1+R§2
where h . —the minimum thickness of the lubricant film, [m]; Ras:, Rq. — the average square deviations

of the roughness heights of the two surfaces in contact, [um], [142], the values from Table 3.2 are
obtained. The denominator has values between 0.02927 and 0.05692 um.

Tab 3.2. Theoretical values of the parameter A

Caz Viteza Forta Temperatura Pimin A
[m/s] [N] [°C] [um] min max
Cazl 0.23 100 37.8 1.54x10 0.270 0.5185
Caz2 0.84 300 37.8 3.28x10 0.5762 1.1206
Caz 3 0.23 100 60 0.876x102% | 0.1539 0.299
Caz 4 0.84 300 60 1.86x10% 0.326 0.6354

From these theoretical calculations it would result that the working regime of the tribosystem
would be mixed or boundary, but, as can be seen from the values of the friction coefficient,
experimentally obtained, for some sets (v, F) of tests, this parameter drops to 0 .05...0.08, values specific
to the fluid film regime (EHD). This fact is argued by the fact that elastic deformations and wear change
the contact configuration (especially, the equivalent radius of curvature increases and also, the roughness
of wear scars becomes coarse), which favors the generation of the film.
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4.1. Evaluating the Tribological Characteristics of Lubricants on Four-Ball Machine
Tests and measurements for tribological characteristics, carried out in the laboratory, are
recommended for newly formulated lubricants, but also for quality control of products already on the
market [50], [65], [142], being widely applied in industrial and research activities.
For lubricants (synthetic, mineral or vegetal oils) with the properties improved by including
additives, testing is necessary for the following reasons:
- Intruduction of new oils on the market, in different groups and levels of quality and
recommendations for their use [121], [122],
- verification of the base oil and their characteristics given by additives,
- verification on delivery,
- the existence of sources of contamination with water or other impurities, which alter the
tribological behavior,
comparison of several lubricants under the same test conditions.
The price of research studies for a lubricant increases significantly for tests made in nearly actual
conditions, as compared to the initial ones, carried out in the laboratory. In order to reduce research
costs, specialists [31], [50], [142] recommend starting research in the laboratory, on simple tribotesters,
and with rigorously controlled conditions. These testers do not fully simulate the set of conditions in
which the actual system is exploited. But the tribotesters are useful because they allow a rigorous control
of the parameters and a correct and continuous monitoring of them.
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Fig. 4.1. Four-ball machine and data acquisition system (overview)
(Laboratory "Lubritest" of the "Dunarea de Jos" University of Galati)

Figure 4.1 shows the four-ball machine from the "Mechanics and Tribology of the Superficial
Strata" research center of "Dunarea de Jos" University of Galati, with a maximum load of 6000 N (made
by Hansa Press und Maschinenbau GmbH, Germany). The machine is composed of: electric motor that
can vary the rotational speed of the main shaft from 10 rpm to 5800 rpm, the machine body, the loading
system, the panel for adjustment and monitoring, bench-support. The system for measuring and
monitoring the resisting (friction) moment was made at the "Dunarea de Jos" University of Galati and
calibrated by the author.

Figure 4.2 shows the ball cup and the load lever assembly. Measurable parameters are the time of
sliding, the diameter of the wear scar (WSD) and the temperature in the lubricant bath; with the values
of the recorded friction moment, the coefficient of friction can be calculated, taking into account the
friction force arm. The four-ball machine may be served by a microscope, for measuring wear scars,
usually with an accuracy of £0.01 mm, and by an automatic stopwatch, which can record the time with
an accuracy of 0.2 s.
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a) Ball cup with fasteniﬁE] components and b) The system for fixing the four balls during the
tightening lever test
Fig. 4.2. Assembly of the 3 balls

The diameter of the 4 balls involved in one test is 12.7 mm. The balls are made by SKF, of
bearing steel (chromium alloy steel AISI 52100 — EN 10027 100CR6 (1.3505), mark 20), specially
treated, having: a small diameter tolerance (£0.0005 mm), a deviation from the shape of 0.5 um, a
diameter variation of 0.5 um per ball and 1 um on a set of four balls, high hardness (60... 66 HRC)
and a special surface quality (Ra =0.02...0.032 pum).

4.2. Test Procedure

SR EN ISO 20623:2018 [185] specifies three different test conditions as follows: A — test for
the wear load index (LWI), B — test for the wear-and-load curve and C — test for wear and seizure.

In explaining the test procedure, the notations and names are consistent with [185].

The general procedure consists of the following operations:

a. After checking that the machine and the ball cup is clean, place the ball cup on the assembly
device. Put three clean balls in the bucket, hold them in place with the fixing ring and secure the
assembly by tightening the nut with a moment of 68 Nm + 7 Nm. Enter enough sample liquid (8 ml to
10 ml) to cover the fixed balls at least by 3 mm. Place the tightening ring, screw down the tightening
nut and check if the lubricant level exceeds the fixed balls. Four new balls and a fresh amount of the test
fluid shall be used for each test. A clean ball shall be fixed in the upper ball clamping device and checked
that it cannot be rotated by hand in the fastener. The ball cup assembly is centrally mounted, under the
main shaft, the fixed balls being in contact with the fourth. Place the mounting disc between the axial
bearing and the cup so that, when the cup is left in place, it sits firmly on the disc and is free to rotate
with it. For machines with a loading lever arm, the masses consist of a set of rings of different values
that are located on the notches processed in the lever of the machine. Notches are identified with the
force applied if the mass is located in a given position. Adjust the friction recorder according to the
instructions.

b. Apply the load using the loading device fixed to the machine (charging lever plus weights),
being careful to avoid loading with shock as it can deform the balls permanently. Check that the lower
three balls center on the upper ball. It is permissible for rotation to start before applying the load, but
the starting condition must be specified in the test report. The timer and the recording device must be
switched on when the whole load is applied. It has the effect of reducing damage to the contact areas
during the first rotations of the upper ball and avoiding vibrations.

c. Start the engine to operate at desired rotational speed, the timer and the friction recorder if
required. For machines equipped with integrated timers, as is the case with the four-ball machine in the
Research Center "Mechanics and Tribology of the Superficial Layer", select the required duration of the
test. Actuate the motor switch and timer simultaneously; the friction recorder must also be switched to
open at the same time if possible. Let the machine run for the set time interval, by stopping it using an
integrated timer.

d. Disconnect the recorder and remove the load from the balls by removing the applied load
(lifting the lever arm and locking it in place). Disconnect the friction recording device. Remove the cup
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from the machine. Drain the amount of tested lubricant from the cup and rinse the assembly with a
cleaning solvent. Remove the balls, wash them with cleaning solvent, dry and put them in a properly
marked container to hold safely and subsequently to measure the diameters of the wear scars. Register
the values from the friction recorder.

e. Clean the locking nut, the locking ring etc., to be ready for the new test. Remove the clamp
fixing the upper ball from the machine and remove the ball from its recess with the help of a device
made of hardened steel and a hammer. Clean the fixing clamp carefully.

f. Repeat the above procedure using four new balls and a portion of new fluid to test for each test,
for all the different values for load and velocity, as required to complete a specific test campaign. Figure
4.6 shows moments from the test procedure (here for rapeseed oil additivated with h-BN).

& >

C) Extrébtion of Ibricant and
regime (time and velocity) balls from the cup, after testing
Fig. 4.3. Moments in the test procedure

a) Ball cup preparation b) Adjustment of the Woing |

4.3. Tribological Parameters Measurable by Tests on the Four-Ball Machine

This research had as objective the study of several tribological parameters (coefficient of friction,
as evolution in time and average value, and two parameters dependent on the average diameter of the
wear scars on fixed balls).

The frictional force was measured with a system consisting of a tensometric bridge (connected
between the arm of the four-ball machine and the ball cup arm), whose signal was taken over by a data
acquisition system (scout type) and then transmitted to a computer. The frictional force is displayed in
real time on the computer screen. The data acquisition and their processing were done with the
CATMAN® EXPRESS 4.5 software. Details are also given in [25], [139]. Starting from the values of
the frictional force, the friction moment and the coefficient of friction were determined.

In the particular case of the test on the four-ball machine, wear and seizure can also be assessed
by the wear rate of the wear scar diameter because it is easy to calculate and compare to tests performed
on the same tribosystem (only by changing the lubricant and/or the working regime).

The wear rate of wear scar diameter is calculated, in this work, with the formula

w(WSD) = 7=2 [mm/(N.m] (4.1)

in which WSD is the average diameter of the wear scar for a performed test, F is the load applied to the
axis of the machine and L is the sliding distance, determined as the product of the calculated sliding
velocity and the duration of the test).

Figure 4.5 shows the COF graph for all values recorded by the data acquisition system during the
test (here 7200 values, i.e. a sampling of 2 values per second). This sampling was kept for all tests
carried out, regardless of the duration or distance of the test. This representation is difficult to evaluate
in practice and specialists use moving average over various data ranges. In this work, the moving average
was calculated with 100 successive values (the black curve in Fig. 4.5).

23



Dionis Guglea
Assesment of Tribological Behavior of Several Lubricants Based on Rapeseed Oil and Nanoadditives
(Hexagonal Boron Nitride and Graphene)
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Fig. 4.4. Schematic block of the data acquisition system as it was performed by Solea [25], [139]

" .
0.23 Rapeseed oil —v=0.53 m/s, F=200 N, L=ct

02 it =200 Ryl=ce —— 100 per. Mov. Avg. (v=0.53 m/s, F=200 N, L=ct)

0.15

COF

0.1

0.05

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Sliding distance [m]
Fig. 4.5. COF graph for all values recorded by the data acquisition system (example is for a test with

non-aditivated rapeseed oil, tested at the sliding velocity of 0.53 m/s and with a force F=200 N on the
axis of the four-ball machine)
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Fig. 4.6. A graph of coefficient of friction (COF) for two tests performed under the same conditions
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The repeatability is exemplified in Fig. 4.6: COF curves are relatively close and similar in shape.
From the experience of the author and the team who worked on the four-ball machine [29], [43], [68],
[139], it was found that for sliding motion systems, 2...3 tests are enough to obtain reliable results.

4.4, Formulation of Lubricants Based on Rapeseed Oil and Nano Additives

The lubricants tested for this research are based on raw rapeseed oil, from Expur SA Bucharest,
unaditivated or additived with nano particles of h-BN, in various concentrations (0.25 wt%, 0.5 wt%
and 1 wt%), graphene (1 wt%), and a package of additives (1 wt% graphene + 1% h-BN).

The fatty acid composition of the tested rapeseed oil is given in Table 4.1 and was performed at
Expur SA Bucharest, with the help of a chromatograph. Fatty acids vary in the length of the chain and
in the degree of unsaturation, hence resulting in differences in rheological and tribological behavior.

Table 4. 1. The composition of theui of rapeseed oil tested (analysis by Expur SA Bucharest)

Acid Symbol Concentration, %wt
Myrrhic acid C14:0 0.06
Palmitic acid C16:0 4.60
Palmitoleic acid Ci16:1 0.21
Heptadecanoic acid C17:0 0.07
Stearic acid C18:0 0.18
Oleic acid Ci18:1 1.49
Linoleic acid C18:2 60.85
Linolenic acid C18:3 19.90
Arachidic acid C20:0 7.64
Gondoic acid C20:1 0.49
Others 1.14

The nano additives used in this PhD thesis were provided by the company PlasmaChem [172]:
hexagonal Boron nitride (h-BN) (Fig. 4.7a); powder with a particle size of 100-1000 nm, mean
value 500 + 100 nm, specific area of 23 + 3 m?/g, purity > 98.5%, nitrogen content > 55%, contents

of elements, in %: O< 1; C< 0,1, B,03<0,1,

nano graphene (Fig. 4.7b): nano foils with a thickness of 1.4 nm and particle size up to 2 pm,
specific area 700-800 m#/g, purity 91 at.%, of the telemente: O<7 at%; N<2 at%.

) grafen

Fig. 4.7. Appearance of h-BN nanoparticles, provided by PlasmaChem [172]

Such additives to reduce friction and wear are prone to form agglomerations and it is difficult
to achieve a dispersion of them in the base oil, which will last over time.
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The SEM images show the nano additives used for the formulation of rapeseed oil-based
lubricants and were obtained under the scanning electron microscope, FEI Quanta 200, which has a
resolution of 4 nm, the magnification power of 10° times, of the "Dunirea de Jos" University of Galati.

The fatty acid composition of rapeseed oil used in this study is given in Table 4.4. The high
concentration of linoleic acid and linolenic acid, both unsaturated fatty acids which can argue for good
tribological behaviour under conditions of limit or mixed regimen, is observed.

Autor has designed a laboratory scale technology to achieve a good dispersion of nano particles
of additives. Nano-additive lubricants were obtained in a small amount of 200 ml each. The steps
followed in this technology at laboratory scale were similar to those presented by Cristea G. C. [25] and
by lonescu T. F. [68]:

The steps taken in the formulation of the tested lubricants were as follows:

— mechanical mixing of the nano additive and an equal quantity of guaiacol (dispersant supplied by
Fluka Chemica) with the formula CeHs(OH)OCHs (2-methoxyphenol), over a period of 20
minutes; this dispersing agent is compatible with both the additive and vegetable oils; the mass
ratio between the additive and the dispersing agent being 1:1, to the nearest 0,1 mg,

— continuous addition of rapeseed oil, measured to obtain 200 g of additive lubricant, with the
desired concentration of nano additive,

— mixing with a magnetic homogenizing device for 1 hour,

—  for the additive package 1% graphite+1% h-BN the same was done, so the lubricant contains 1%
graphite+ 1% h-BN +2% guaicol+96% rapeseed oil (by mass),

—  sonication + cooling of 200 g lubricant for 5 minutes using the sonicator Bandelin HD 3200
(Electronic GmbH & KG Berlin); during sonication the lubricants are heated to approximately 70 °C;
the cooling time was 1 hour; this sonication + cooling step is repeated 5 times to obtain a total
sonication time of one hour. The parameters of the sonication regime, chosen by the author together
with dr.ing. Dumitru Dima, from the Faculty of Sciences and Environment of the “Dunarea de Jos”
University, are: power 100 W, frequency 20 kHz +500 Hz, continuous regime.

4.5. Campaign of Tests on Four-Ball Machine

The author developed this campaign with the aim of highlighting the influence of the
concentration of the additive and the working regimen.

The test parameters for each formulated lubricant were:

in normal regime (Table 4.2 and Table 4.4)

- loading force — 100 N, 200 N and 300 N (£5%);

- sliding velocity 0.23 m/s, 0.38 m/s, 0.53 m/s, 0.69 m/s and 0.84 m/s, corresponding to the spindle
rotational speed of the four-ball machine of 600 rpm, 1000 rpm, 1400 rpm, 1800 rpm and 2200 rpm
(10 rpm),

- the same sliding distance L = 1933.8 m, corresponding to the test time - 60 minutes (+1%) at a
velocity of 0.537 m/s,

- for three sliding velocities (0.38 m/s, 0.53 m/s and 0.69 m/tests with a constant duration of 1 h
were also carried out (it has resulted that tests carried out at v= 0.53 m/s and the duration of 1 h can be
classified in both groups, i.e. the results are also for L=ct and t=ct and will be considered as a reference
when comparing the two sets of tests),

- in the formulated lubricants, for h-BN the concentrations in rapeseed oil were 0.25%, 0.50% and
1%(wt), for graphene 1%(wt), and for the additive package, 1%(wt) h-BN+1%(wt) graphene.

in severe regime (Table 4.6): the parameters of a set of tests were: the load on the four-ball
machine from 500 N to 900 N, in steps of 50 N (x 5%); sliding velocity 0.53 m/s, corresponding to a
rotational speed of the machine main shaft of 1400 rpm (z 6 rpm); duration of a test - 1 minute (+ 1%).

For rapeseed and lubricants additive with h-BN, a set of tests lasting 1 h, but with different sliding
lengths, was performed.

Figure 4.8 shows the balls as obtained after the test. The ball to the right of the image is the fixed
ball.
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The tested lubricants have been poured into the fixed ball cup, so that the level of the lubricant is
at least 3 mm higher than the highest point of the balls (approximately 10 ml). After each test, the ball
fixture, tribotester and balls were cleaned with isopropyl alcohol and dried in a stream of air.

Table 4.2. Test parameters on four-ball machine, for the tests carried out

v [m/s] 0.23 0.38 0.53 0.69 0.84

o [rpm] 600 1000 1400 1800 2200

L[m] 1933-constant

Time [h/min/s] [2h20min  [1h24min  [1h | 46 min40s | 38min12s
Table 4.3. Test parameters on four-ball machine, for tests during 1h

v[m/s] X 0.38 0.53 0.69 X

L[m] X 1368 1933 2484

Time[h] 1h

Fig. 4.8. Balls tested at different regimes

Measured and calculated parameters
The friction moment, T, between the upper ball, attached to the axis of the machine, and the lower
fixed balls can be calculated by either of the two equations:

T=u-3Q-r’=u\2r (4.2)
T=F,-M (4.3)

u - the coefficient of sliding friction; F - the force applied to the axis of the machine, N; r’- the distance
from the centre of the contact surfaces of the lower balls to the axis of rotation of the machine (r' =
r-sin30° = 3.175 mm, r is the radius of the balls); Q - the normal force in the contact of the ball on

the ball Q = R % : % N; Fg the force read on the force measurement system, M - the arm of

3 ' cos 30°
the force Fg, mm.
From the equations (4.2) and (4.3) it results:
p=2n (4.4)

Diameters of the wear scars were measured using an optical microscope.

According to the procedure recommended in SR EN 1SO 20623:2018 [185], for each test, three
wear scars were obtained on the fixed balls. As a result of wear, two diameters were measured on each
scar, one measured in the direction of sliding, the other perpendicular to the first. Resulting three wear
scars, six measurements of the diameters were obtained and their average value was calculated. This
value represents the diameter of the wear scar (WSD), which has been reported for each test [25], [31],

[68].
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Table 4. 4. Normal test campaign for L=constant

Additive Sliding velocity [m/s]
Lubricant concentration Force
(%] [N] 0.230 | 0.383 | 0.537 | 0.691 | 0.84
- 100 XX XX XX XX XX
Rapeseed oil - 200 XX XX XX XX XX
- 300 XX XX XX XX XX
Rapeseed oil 100 XX XX XX XX XX
1 200 XX XX XX XX XX
+ h-BN
300 XX XX XX XX XX
. 100 XX XX XX XX XX
Rapeseed oil
+19% graphene 1 200 XX XX XX XX XX
300 XX XX XX XX XX
Rapeseed oil 100 XX XX XX XX XX
+ 1% graphene 1 200 XX XX XX XX XX
+ 1
19%h-BN 300 XX XX XX XX XX
Table 4. 5. Normal test campaign for t=constant (1h)
. Additive Force Sliding velocity [m/s]
Lubricant concentration [%6] [N] 0.38 0.53 0.69
- 100 XX XX XX
Rapeseed oil - 200 XX XX XX
- 300 XX XX XX
100 XX XX XX
0.25 200 XX XX XX
300 XX XX XX
Rapeseed oil 100 XX XX XX
0.5 200 XX XX XX
+ h-BN
300 XX XX XX
100 XX XX XX
1 200 XX XX XX
300 XX XX XX
Table 4. 6. Severe test plan
Forta [N]
Tested lubricant v[m/s] | 500 | 650 | 600 | 650 | 700 | 750 | 800 | 850 | 900
rapeseed oil 0.53 XX | XX XX XX XX XX XX XX XX
rapeseed 0il+1% h-BN 0.53 XX | XX XX XX XX XX XX XX XX

The author evaluated the tribological behavior in severe regime as in Table 4.6 for two lubricants,
rapeseed oil and rapeseed oil with 1% h-BN, analyzing the following parameters: coefficient of friction,
wear scar diameter, temperature of the oil in the ball cup, at the end of the test, pfilm strength parameter
(OFS).
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5.1. Tribological Behavior of Rapeseed Oil on Four-Ball Tester in Normal Regime

Analysis of the coefficient of friction

The author of this work performed tests for both t=ct (1 hour) and L= ct (1933 m). This sliding
distance corresponds to the test rotational speed at the middle of the studied range, v=0.53 m/s, a value
common in specialized works and in SR EN 1SO 20623:2018 [185] and ASTM D2596:2010 standards
[187]. This grouping of tests, according to the load and duration, was also carried out because some
tribological paramers, such as WSD, could not be compared directly in the case of tests with constant
duration and different sliding speeds. However, a tribological assessment in this case was carried out
using another parameter, the wear rate of WSD, w(WSD), which takes into account the tested sliding
distance.

Figure 5.1 shows the evolution of COF for rapeseed oil, tested on the four-ball machine, for 1
hour [164], [130], [129].
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Fig. 5.1. Evolution over time of the coefficient of friction (COF), depending on load, and the sliding
velocity, on the four-ball machine for two tests with the same parameters (F,v), for rapeseed oil

It is noticed that the difference between two tests with the same parameters is small and that the
COF oscillations are small, and therefore, from the point of view of rubbing rapeseed oil is advisable
for the range of studied parameters (F=100...300 N and v=0.38...0.69 m/s). The representation in Fig.
5.2 is achieved by a moving average with 100 values. The graphs show lower COF values at the force
of 100 N, and higher values, for larger forces, 200 N and 300 N. At the highest speed, v=0.69 m/s, COF
evolves for all forces in a very narrow range. So, for this working velocity, v=0.69 m/s, the load has a
minor influence. In other words, the use of rapeseed oil at higher working speeds (if the technological
process allows), is beneficial for the technical system because it reduces the energy needed to defeat
friction.

Figure 5.3, shows the average of the values of the coefficient of friction (COF) during the test,
for rapeseed oil, for the two tests carried out.

The increase in speed to v=0.69 m/s resulted in agglomeration of the COF values in a smaller
range. If at a speed of 0.38 m/s, the COF is between 0.04 and 0.09, at the speed of 0.69 m/s, COF it
registered between 0.05 and 0.08. The coefficient of friction of rapeseed oil is a little sensitive to load
at high speeds. Small values obtained for COF (0.04...0.08), indicates the formation of a continuous
film of fluid.

Tests with L=constant were performed for five sliding velocities. The increase in this range being
justified by the results represented above and by the fact that vegetal oils are used in higher speed ranges
than the one initially tested. Tests were performed on the four-ball machine, where L-constant (1933
m), for three forces, namely F=100 N, F=200 N and F=300 N, respectively, with five different speeds,
namely: v=0.23 m/s, v=0.38 m/s, v=0.53 m/s, v=0.69 m/s and v=0.84 m/s.
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Fig. 5.2. Evolution of COF for non-additive rapeseed oil

At t=ct, the sliding distance is shorter for the lower velocity and higher for the higher velocity
than that obtained for v=0.53 m/s.

For L=ct, it was found that the largest variations of COF were obtained for F=100 N. For the
other forces, the COF evolution is made in a narrow range, both for the same repeated test and for tests
with different parameters. In the case of using rapeseed oil as lubricant, it would be recommended that
the load of the point contact to be greater than 2185 MPa (Hertz pressure in contact), corresponding to
the force applied to the four-ball tribotester of 100 N. The average of the values from two tests is given
in Fig. 5.4. One may notice that the values are above 0.1 for low velocities, which results that, at these
velocities, the lubrication regime is mixed or boundary. For higher velocities, the values decrease to
0.08 and even lower, with the result that, for these regimes, a full film of lubricant is generated.

At the same velocity and force, for the charge F=100 N, the differences between the COF values
for t=ct and L=ct are somewhat higher, but at higher load (e.g. F=300 N), COF=0.081 for t=ct and
COF=0.096 for L=ct.

The evolution of COF during L=ct tests is given in Fig. 5.5. It is observed that the most uniform
evolution of the COF is for v=0.38 m/s and v=0.53 m/s, regardless of the load. For the other speeds, the
COF has more oscillating evolutions for the low load (F=100 N), the largest differences between the
curves of the two tests being obtained for v=0.23 m/s.

COF Rapeseed oil
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Fig. 5.3. Evolution COF for non-aditivated rapeseed oil, for L=ct

Wear evaluation

In this work the evaluation of wear is done by analyzing 2 parameters: average diameter of the
wear trace (WSD) and the wear rate of the average diameter of the wear trace, denoted by w(WSD).

The average wear scar diameter, determined according to SR 1SO 20623:2018 [458], for tests of
1 hour, is plotted in Fig. 5.4. At the same velocity, the WSD increase is more pronounced for v=0.69
m/s, from F=100N to F=200N. Since the sliding distances are different for different velocities, it is not
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recommended to make a comparison between the values obtained for different velocitiess. This
comparison can be made for tests performed with L=ct.

WSD

0.8
0.6 100 N
200 N
0. \
m300 N
(

0.38 0.53 0.69

-

o

Sliding velocity [m/s]

Fig. 5.4. WSD evolution for unaditivated rapeseed oil t=ct

Tn Fig. 5.5, photographs of wear scars are given for two tests carried out under the same
conditions (v=0.53 m/s and F=300N). It is noticed that the wear scars are very similar in size and from
the point of view of the surface quality, which reflects the accuracy of the machine and its good

adjustment, bu also the high quality of the balls.

Rareseed oil +1%BN

\Y F
ms]  [N] Ball 1 Ball 2 Ball 3

300

0.53

300

Fig. 5.5. Photographs obtained with optical microscope (t=ct and L=ct, reference sliding
length test, L=1933 m)

In Fig. 5.6, the averages of wear scar diameters (WSD) are represented for tests performed at
L=ct. In this case, comparisons can be made between the WSDs resulting from the tests at different
velocities. The conception of a test campaign of this kind belongs to the author and, as far as the open
literature in the field has been studied, no wear studies have been presented on this principle (L=ct), for

the four-ball machine.
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Fig. 5.6. Evolution of WSD, for rapeseed oil, for L=ct tests
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Analyzing the values in Fig. 5.6, it is found that the WSD is slightly increased at the speed for low
velocitiess (v=0.23 m/s and v=0.38 m/s). For the other velocities, WSD varies very little with the
velocity, from which it follows that the wear in contact is not dependent on speed, achievable if there
is a continuous film of lubricant. The COF analysis resulted in this, as evidenced by the low COF values
(0.04...0.08). In other words, the domain of WSD values obtained in this test campaign can be divided
into 2 zones:

— an area where WSD varies both with speed and load; in conjunction with COF values, this load
and speed dependence is specific to the mixed or boundary lubrication regime,

— an area where WSD is more load-dependent and without a clear influence on the sliding
velocity; correlating with very low values of COF values, it follows that this area is
characterized by a complete film lubrication regime.

In Table 5.1, WSD values obtained for t=ct and L=ct are given for two test velocities, i.e. v=0.38

m/s and v=0.69 m/s. For v=0.38 m/s, it is observed that for any of the three tested forces, WSD is larger

for the longer sliding length. The L=1933 m test has a sliding length 29.22% longer than the 1-hour

test. If the same percentages are calculated for WSD, you get 6% extra for F=100 N, 23% extra for

F=200N and 19.5% more for F=300N, compared to the WSD values for t=ct. This increase in WSD

proportional to the length of the slip indicates a process of abrasive wear, in the presence of lubricant

that does not form a continuous film (very likely the lubrication regime is mixed or limit). For v=0.69

m/s the difference between the WSD values for the two types of tests is very small. This may result

from statistical scattering of the results and from the accepted deviations of ball sizes, measured force

values and revolutions. For example, for the 1-hour tests, WSD is 3.4% lower than the WSD obtained
with L=ct, for F=300 N. It can be said that in this case the wear represented by WSD does not depend
on the sliding distance, which is plausible if the lubricant generates a continuous film during the test.

Table 5.1. WSD values for tests of 1 h and tests with L=ct

WSD [mm]
Velocity 0.23 0.38 0.53 0.69 0.84
[m/s]

L [m]

Force t=ct L=ct t=ct L=ct t=ct t=ct L=ct t=ct L=ct
[N] L=828 | L=1933 | L=1368 | L=1933 L=2484 | L=1933 | L=3024 | L=1933
100 - 0.218 0.331 0.352 0.381 | 0.424 0.479 - 0.387
200 - 0.446 0.412 0.537 0.528 | 0.556 0.608 - 0.548
300 - 0.529 0.518 0.644 0.621 | 0.647 0.669 - 0.662

Figure 5.7 must be carefully analyzed because keeping the test time at 1 h determines different
sliding distances (see Table 5.1) and, therefore, only the values for the same velocity can be compared.
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Fig. 5.7. Wear rate of WSD, for rapeseed oil, for tests with t=ct
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Instead, for tests with L=ct, WSD can be compared at any velocity. In order to compare wear
processes at different speeds and sliding lengths, the WSD wear rate graph was drawn for the results of
the t=ct tests. It is noted that the highest values were obtained for v=0.38 m/s, which means that the
abrasive wear process (of removing material) is more accentuated at low speeds, since they do not favor
the generation of complete lubricant film.

The wear rate of WSD decreases with increased load, which recommends using such a system at
somewhat higher forces. In the range of v=0.53...0.69 m/s and F=200...300 N, WSD does not have a
clear speed dependency and only decreases slightly with the load. Figure 5.6 shows the average values
of WSD, for L=ct, for rapeseed oil as a lubricant. In this case, for L=ct (1933 m), WSD can be compared
between different velocities. It is observed that the smallest values were obtained for F=100 N, at v=0.23
m/s, but for high values of force and velocity (F=200 N and F=300 N) and (v=0.69 m/s and v=0.84
m/s), the values are very close.

The graph of the wear rate of WSD for tests with L=ct is given in Fig. 5.8. For F=100N, the
increase in the wear rate of WSD has the highest slope, resulting in the abrasive wear process being
more intense at low forces due to the vibrations of the machine. For F=200N and F=300N, the slope of
this parameter is lower, depending on the velocity. The graph shows that rapeseed oil would be better
to use at higher speeds and loads. Attention! These recommendations are valid only for this type of
contact (point contact), in practice they can be found in ball bearings and ball screws.
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Fig. 5.8. Evolution w(WSD) for unaditivated rapeseed oil for L=ct

Temperature in the lubricant bath (rapeseed oil)
Figure 5.9 shows the evolution of the lubricant temperature in the ball cup, for tests of 1 h, at
sliding speeds of 0.38 m/s, 0.53 m/s, 0.69 m/s, forces of 100 N, 200 N, 300 N.
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Fig. 5.9. Temperature evolution in the oil bath, for unaditivated rapeseed oil

33



Dionis Guglea
Assesment of Tribological Behavior of Several Lubricants Based on Rapeseed Oil and Nanoadditives
(Hexagonal Boron Nitride and Graphene)

It is important to point out that rapeseed oil does not reach temperatures that favor oxidation or
other degradation processes of vegetable oil [9], [139]. The temperature curves of rapeseed oil in the
ball cup are ordered upwards, according to the increase in force. At v=0.38 m/s, the temperature curves
evolve ina band of 5-8 °C. This band increases to 10...15°C for v=0.53 m/s. For this velocity, the curves
for F=100...200 N are side by side. The temperature evolution band increased to 20...23°C, for v=0.69
m/s.
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Fig. 5.10. Coefficient of friction of h-BN additive rapeseed oil with different concentrations
(here, 0,25%wt and 1,0%wit), test 1h

5.2. Tribological Behavior of Rapeseed Oil Additivated with Hexagonal Nano Boron Nitride

Coefficient of friction

Figura 5.10 shows the evolution COF for L=ct tests for h-BN additive lubricants, for different
concentrations of the nanoaditive (0.25% wt, 0.5% wt and 1% wt). In these graphs from Fig. 5.10, a
single test is presented for each concentration, velocity and force to better evacuate the evolution of
COF and the influence of nanoaditive concentration. Higher COF values were obtained for the lowest
concentration of nanoaditive (0.25 % wt), as can be seen from Fig. 5.10. This could be argued by the
fact that being too few particles of nano additives, they are pressed, unevenly agglomerated on the
texture of the contact surfaces, allowing in some places also direct contact between metal surfaces. In
terms of COF, both concentrations of 0.5% wt and 1% wt h-BN are favorable for reducing friction.
Figure 5.11 presents only the evolution of COF for the additive concentration of 1%wt: increasing the
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velocity makes COF to decrease for all tested force, meaning high velocity is favorable to generate
complete fluid film (EHD film).
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Fig. 5.11. COF for rapeseed oil +1% h-BN (L=ct)

But analyzing in conjunction the data for COF and WSD, for nano-additivated lubricants, the
author considered that the best behavior for these two test parameters (force and speed tests of 1 h) was
the additive oil with 1% h-BN. Therefore, tests for this lubricant were also carried out for L=ct, for a
larger sliding velocity range (0.23 m/s to 0.84 m/s).

Analysis of wear parameters for additivated oil

In this study, WSD and w(WSD) will be taken into account for establising the influence of
additive concentration.

Because all the tests in this campagn lasted an hour, the sliding distance is different for each
velocity. It follows from this that a comparison of WSD, for different velocities does not really reflect
the influence of a parameter as load or additive concentration, for all velocities.

Instead, the wear rate of WSD, w(WSD), makes possible to compare regimes with different test
velocities, because it is taken into account, in its calculation, the value of the sliding distance, as it
results from the product L=vxt, v being the velocity and t — the time. That is why WSD analysis will
be done for each speed.

From Fig. 5.12, the following conclusions can be drawn:

— atv=0.38 m/s, the best results (WSD the lowest), was obtained for the oil with 1% h-BN, so
the additive lubricant protects the solid bodies through the additive. Forthe other 2
concentrations (0.25% and 0.5% h-BN), the WSD values are higher than those obtained for
rapeseed oil. This would be explained by the fact that a small amount of additive does not
ensure uniform distribution on the contact surface of the particles. Hence areas where wear is
localized on solid bodies, not enough particles to interpose between solid bodies.

— atv =0.53 m/s, the trend is the same, i.e. values a little more hereand there of WSD, compared
to those obtained with rapeseed oil, only for the concentration of 1% hBN. For lower
concentrations the results are similar, but with greater wear and tear compared to rapeseed oil.

— atv=0.69m/s, itis noticed that it has the same tendency as at speed v = 0.53 m/s.. Although
the sliding distance is greater, the WSD values are similar to those at v=0.53 m/s, which reflects
the better protection of surfaces at higher speeds, probably also because a thicker lubricant film
can form.

From these graphs the author can recommend the use of additive lubricant with 1% hBN, to

reduce the wear of triboelements.

35



Dionis Guglea
Assesment of Tribological Behavior of Several Lubricants Based on Rapeseed Oil and Nanoadditives
(Hexagonal Boron Nitride and Graphene)

Figure 5.12 qualitatively shows WSD dependence on load and speed, for the lubricant with 1%

hBN. It can be seen from the images obtained under the optical microscope that the wear is of an
abrasive nature, more pronounced for high loads.
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Fig. 5.12. WSD depending on load and nano-additive concentration,
for each tested velocity (all tests lasted 1 h)
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Fig. 5.13. Optical microscope images for WSD when lubricated with rapeseed oil +1%BN

The wear rate of WSD could be analyzed for each velocity, but also the values for different
velocities could be compared (Fig. 5.13). The results look different from the WDS graphs in the same
coordinates. The general trend w(WSD), for the velocities v=0.38 and v=0.69 m/s, is not similar, i.e.
higher values for the F=100 N regime for lower velocity, and higher values for small additive
concentration (0.25%wit), this would be explainable because at low loads the nanoparticles are not fixed
in the textures of the surfaces of solid bodies and so, they act only by the rolling effect between the two
surfaces and could be more uneven distributed as compared to greater concentrations. At v=0.69 m/s,
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for rapeseed oil, there is an increase in the wear rate at F=200 N, and then a decrease to F=300 N. This
indicates a change in the wear process. The increase in load from 100 N to 200 N shows the
intensification of the abrasive wear process. The increase of the load to 300 N, favored the reduction of
wear because the increase of the load also contributes to the generation of a fluid film (which, obviously,
also reduces friction and wear). If one compares the values of the graphs, it is noticed that the additive
produces values of the wear rate, less sensitive to the load, but more sensitive to the concentration of
the additive. For additivated lubricants, the tendency to reduce w(WSD) is almost linear.

For rapeseed oil, the wear analysis for tests done at L=ct was performed on the set of wear scar
diameter values (WSD) (Fig. 5.14) and on the set of values for wear rate of wear and tear trace
(W(WSD)) (Fig. 5.15).
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Fig. 5.14. w(WSD) depending on the load and nanoaditive concentration, for each speed tested (all
tests had a duration of 1h)
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Fig. 5.15. WSD analysis for tests with rapeseed oil at  Fig. 5.16. w(WSD) analysis for tests with
L=ct (both figures have the same legend) rapeseed oil at L=ct

The smallest value of WSD was obtained for F=100 N and v=0.23 m/s. For the same force, WSD
increases more sharply with velocity, at its low values (F=100 N). At higher loads the dependence on
the sliding velocity is weaker, especially at higher values (v=0.69 m/s and v=0.84 m/s). This could be
explained by the fact that at higher velocitys and loads, a fluid film is generated that no longer allows
for mixed contact and, therefore, the wear no longer depends on the product (force x velocity). For these
sets of parameters, the greater wear, however, can be explained by the fact that the four-ball machine
starts under load and, at the beginning of the movement, there is a mixed transient regime with wear
proportional to the load and speed. Continued movement leads to the generation of the fluid film and it
a significant reduction in the wear intensity.

The evolution of the wear rate of WSD (Figs. 5.14, 5.16 and 5.18) is also an argument for the
presence of a lubricant film for higher speeds and loads. At F=100 N, this wear parameter has an almost
linear evolution with the speed, with the highest slope, specific to the mixed regime. At F=300 N, the
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wear rate of the WSD is too little sensitive with the speed, which means that the solid surfaces are no
longer in direct contact until very short of time at the beginning of the test.
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Fig. 5.17. WSD analysis for tests done with Fig. 5.18. W(WSD) analysis for tests with

rapeseed oil additived with 1% h-BN, at L=ct rapeseed oil additived with 1% h-BN at L=ct
(both figures have the same legend)

The introduction of 1% h-BN into rapeseed oil altered WSD dependence on load and velocity, in
the sense of having approximately the same dependence on load and without a clear dependence on
velocity. The maximum values are approximately the same as for rapeseed oil, for the zone F=300 N,
v=0.69...0.84 m/s (WSD tends to be of 0.6...0.66 mm). In terms of value, the WSD wea behavior has
not been considerably improved by adding 1% h-BN, but the system has a close response over a larger
range of working parameters, resulting that the system responds more evenly to variable regimes as
compared to the respons of rapeseed oil.

The same trend is observed after testing the lubricant with 1% h_Bn + 1% graphene, but WSD is
for the more severe range of working parameters below 0.6 mm. Comparing to the lubricant additivated
only with 1% h-BN, at low velocities, this parameter is lower. The wear reduction mechanism can be
complex, in this case, involving taking over the load by h-BN and graphene nano sheets, reducing
friction and protecting roughness by fixing these sheets on the surface, even unevenly.
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Fig. 5.19. WSD for tests done with rapeseed oil +1% h-  Fig. 5.20. w(WSD) for tests performed
BN+ 1% graphene at L=ct with rapeseed oil +1% h-BN+ 1%
(both figures have the same legend) graphene, at L=ct

The graph for the wear rate of WSD (Fig. 5.19) shows small and very close values for F=300 N,
with the result that for a point contact, this load will cause the smallest modifications in the wear rate
of WSD. Comparing the graphs in Fig. 5.15 (rapeseed oil), Fig. 5.17 (rapeseed oil +1% h-BN) and Fig.
5.19 (rapeseed oil +1% h-BN+1% graphene), the last lubricant has the most advantageous wear rate of
WSD, low at high load and without a visible velocity dependence.
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Temperature in the lubricant bath for nano additive lubricants

The temperature in the lubricant bath is important because lubricants based on vegetal oils have
a narrower working range and towards the minimum values, they are not stable at negative temperatures,
in the sense that they precipitate waxes and some other components, and their maximum working
temperature should not exceed the lowest oxidation temperature or thermal decomposition
characteristic of one of the components (acids) of vegetal oil, even if it has a low concentration.

Figure 1.20 gives exemples of temperature evolution of the additivated lubricant in the ball cup:
at low velocity, the temperature is just slowly increased during the test, but for the highest velocity, the
temperature is lees dependent of load and increases in a very narrow band meaning that that interval
friction in the fluid film and the friction among nanoparticles and solid surfaces generate heat enough
to rise the fluid temperature.
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Fig 5.21. Temperature evolution in the ball cup, for rapeseed oil +1% h-BN, tests with L=ct
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Fig. 5.22. Temperature evolution in the lubricant bath for rapeseed oil +1% h-BN + 1% graphene,
tests with L=ct

The following analysis is based on Figure 22. As compared to simple rapeseed oil, the additivated
lubricant has the final temperature in the bath increased, but it does not exceed the range of use of the
base oil that goes to 90-100 °C (without oxidazing the rapeseed oil).

For the velocity of 0.38 m/s, the temperature in the ball cup, at the end of the test, is higher at
low concentrations of h-NB because the low concentration allows for direct contact of the rubbing
surfaces. But this temperature is lower for the concentration of 1% h-BN, thus demonstrating that the
additive can help evacuate heat from the contact. For F=300 N and v=0.38m/s, rapeseed reaches 50 °C
and the additivated oil with 1% h-BN reaches 60 °C, which means that it is not a problem for the
lubricant to operate at this temperature.
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At v=0.69 m/s and F=300 N, the rapeseed oil in the ball cup has 60 °C, at the end of the test, and
the additivated oil with 1% h-BN has 67 °C.

In general, at the end of the test the temperatures increase with the load (more), but with the
increase of the speed at the same load the temperatures do not increase spectacularly (only by a few
degrees). This ordering of the evolution of temperatures according to speed and load does not change
with the concentration of the additive, which would reflect that there is no change in the regime of the
tribological system in contact, but only an accumulation of friction energy in the form of heat. The
curves obtained for F=300 N are higher for higher speed (v=0.69 m/s).

The presence of the additive, only 1%wt h-BN, produced the more pronounced joining of the
curves but still in the order of the applied load. In other words, the additive produced closer temperature
values in the bath, not so differentiated according to the load, as measured in the case of rapeseed oil.

The h-BN and graphene package lowered the temperature curves below 50 °C for all speeds and
loads, which had relatively smaller slopes than in the case of rapeseed oil, even a very low slope plateau

trend, especially at low speeds. The exceptions were the tests performed with v=0.84 m/s, for which the
maximum values remained around 70°C.
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Fig. 23. Temperature in the oil bath at the end of the test

The representation of temperatures at the end of the test with L=ct (Fig. 5.30 to Fig. 5.32) reveals
the following:
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— for rapeseed oil the temperature set for F=100... 300 N is practically the same on the

intervalil v=0.23... 0,53 m/s,

— for lubricant with 1% h-BN, this trend is maintained but with 5... 8 °C higher,

— the package of additives (1% h-BN +1% graphene) has increased the range in which

temperatures do not change at the same load, i.e. for v=0.23... 0,69 m/s.

5.3. Analysis of Tribological Parameters in Severe Regime for Rapeseed Oil and Rapeseed

Oil Additivated Hexagonal Boron Nitride
Analysis of the friction coefficient
COF developments for severe regime are shown in Fig. 5.23.

From the evolution of the coefficient of friction in severe regime, it is observed

- large variations for F=900 N, which announces a friction in dry mode, with the possibility of

gripping, given the oscillating values with large oscillations COF=0.6...0.7,

- the fact that the COF then returns to values around 0.1 shows that the surfaces have become
accustomed by wear and the contact surface has increased so that the maximum pressure in contact has

decreased.
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Fig. 5.24. Evolution of the coefficient of friction in severe mode

Analysis of wear parameters

By additivation with 1% h-BN the shape of the load-WSD curve changes substantially compared

to that of unaditivated rapeseed oil (Fig. 5.24).
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Rapeseed oil tends to linearly increase the WSD, with the increase of the load to 900 N, while
the lubricant by 1% h-BN, maintains the WSD in a very narrow range (0.35-0.4 mm), up to 700 N, after
which it has a steeper slope between 700-750 N. If the two curves are compared, it follows that the
additive lubricant has a better response to the severe regime, up to 700 N.

Temperature at the end of the severe tests
The temperature of the lubricant in the oil bath, at the end of the test, in severe tests, has about

the same tendency, with slightly higher values for the additive lubricant (a few Celsius degrees) (Fig.
5.25). This would be explained by the fact that in the mixed regime, with roughness in contact, the
friction of the nanoparticles (rolling, sliding, dragging) is added to the mixed regime and the fact that
the additive does not participate in the evacuation of heat to the same extent as the lubricant.
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Fig. 5.25. Load curve-WSD Fig 5.26. Temperature in the oil bath at the end of

the test of rapeseed oil and rapeseed oil +1% h-BN

Parameter of the resistance of the lubricant film
Paleu V. et al. [106], [108] introduced the resistance parameter of the lubricant film (oil film
strength, OFS) as a parameter for monitoring the process of deterioration of contact operation, also

applicable tothe 4-ball machine.
Figure 5.26 shows the evolution of OFS as a function of the load applied to the axle of the

machine. Its value decreases to the critical value at 550 N for rapeseed oil, but for additivated lubricant,
this decrease occurs at 750 N, which indicates a better behavior in severe regime as compared to non-

additivated oil.
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Fig. 5.27. OFS parameter for unaligned rapeseed oil and Rapeseed oil additived with 1 % h-BN

OFS is calculated with the relationship
W 0208F ryipg) (5.1)

OFS = Zsp; = awsn) [
in which W is the normal force in the contact between the balls, calculated as follows:
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_ F _ F
" 3-cos(a)  3-c0s(35,264°) [N] (5.2)
F being the force on the axis of the four-ball machine, a(WSD) is the calculated area of the wear trace,

using the average value of the wear scar diameter, WSD
2
a(wsD) = 225 [mm?] (5.3)
Previous works [106]-[108] have reported that this parameter tends to have low values when the
flu process begins. OFS correlates the parameters of contact in operation: the viscosity of the lubricant
at working temperature (implicitly, the viscosity index), the quality of the surfaces in contact during
operation, the shear resistance of the lubricant film. Paleu V. et al. [106] propose a critical value of 300
MPa for gripping.

5.4. Analysis of the Tribological Behavior of Lubricants with the Help of 3D Maps

In 1987, Ashby M. F. et al. [20] proposes wear maps for non-lubricating, steel-on-steel contacts
because it can be highlighted the transition from one wear process to another, especially the transition
from mild wear, acceptable in operation, to severe wear. On such a map one may also see transition
areas, if the transition from one wear process to another is made quickly or on a larger range of variables.

The author of this study drew maps of the tribological parameters, coefficient of friction, wear
by WSD and the wear rate of WSD, and the temperature at the end of the test (characterized by constant
sliding distance), for the set of parameters (force-velocity), set that characterizes the working regime of
the four-ball tribotester. The maps are drawn by cubic interpolation, in MatLab, the experimentally
determined points being included in the surface.

The map of average values of friction coefficient, obtained on entire duration of each test, are
given in Fig. 5.37. For rapeseed oil, COF has a range of values above 0.1, in the range v=0.23...0.4 m/s,
the load dependence being poor, a range below 0.1 for high speeds and loads.
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Fig. 5.28. Maps of the friction coefficient, in the force-velocity domain
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The range with the lowest values was obtained around the speed of 0.53 m/s and up to 150 N. It
is unlikely that a system will operate within such narrow limits of the working regime, technological
processes, transport involve speeds and loads that flow on larger fields.

Additives changed the shape of the surfaces. The additivation of rapeseed oil increased the range
by minimum values towards higher loads but still around the speed of 0.53 m/s. The domedium with
values around 0.1 is also in the range of low velocities and poorly dependent on the force applied to the
four-ball triboster. The map for rapeseed oil additived with 1% h-BN +1% graphene seems more
promising in the sense of lowering the COF surface for an extended range, towards the high speeds of
the studied range. And for this lubricant formulated by the author, the dependence on force is weaker.
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For WSD, the values are given in Table 5.7 and the maps are shown in Fig. 5.38. The shape of
the map for WSD differs for each lubricant. For rapeseed oil, the decreasing tensience of WSD is clear,
with the decrease in force and speeds, approximately with the same gradient. For rapeseed oil additived
with 1% h-BN, the field with lower values is for F=100...200, N, the speed dependence being weaker
in this area. The range of higher values is given by F=200...300 N, with a slight depression around the
speed v=0.53 m/s.

For rapeseed oil additived with 1% h-BN+1% graphene, at the same load, WSD depends poorly
on speed.

By comparing maps, additive lubricants expand the range of lower values for WSD but do not
lower the values in the high load range.

The wear rate of WSD, denoted w(WSD), is also different for non-additive and additive oil. The
maximum values of this parameter do not differ much for the three lubricants, but the shape of the
surfaces differs. Rapeseed oil has a prominent area for F=250... 300 N and speeds v=0,6...0,84 m/s. For
nanoaditivated oils, the surface of the map approaches a flat one, with growth strongly dependent on
load and insignificantly influenced by the sliding speed.

The sampleis for the temperature at the end of the test are given in Fig. 5.40. The set of variable
parameters for these maps consists of pairs of values for force on the axis of the machine and the sliding
speed (F, v), representing each set a working regime.
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Fig. 5.31. Maps for temperature in the lubricant bath at the end of the test,
in the field of force-speed

5.5. Conclusions on the tribological behaviour of non-aditivated and additivated rapeseed
oil
Influence of additive concentration on COF
From the analysis of COF evolution in time for rapeseed oil, it can be seen that, at the speed
v=0.38 m/s, COF increases with force, the greatest being for F=300 N. At v=0.53 m/s, the order of COF
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curves has changed, for F=300 N being obtained lower values as compared to F=200 N. This is
explained by the change of the working regime, from a mixed or boundary regime at lower velocity,
towards a fluid film regime (partial or total), which is consistent with the EHD theory, formulated by
Dowson and Higginson in 1967. This theory states that velocity has a greater influence in generating
full-film regime in a tribosystem. For v=0.69 m/s, the COF evolutions are grouped in a much narrower
range, which would argue that for this velocity and for the applied loads (100...300 N), there is a fluid
film that separates the solid bodies in motion. This is also argued by the COF values, around 0.04...0.06.

At the concentration of 0.25% h-BN, the evolution of COF is more uneven than that of non-
additivated oil. Variations occur at higher velocities over tens of seconds that could reflect the
agglomeration of the particles in contact or their lack in contact and the increase in COF due to direct
contact. COF values are higher than those obtained with the non-additivated oil, explained by the
friction with the third body of the additive particles. At v=0.38 m/s, COF values were obtained around
0.1, a value that characterizes the mixed or boundary regime. Only at the velocity v=0.69 m/s, COF
decreased in the range of 0.04...0.08, which shows that the particles circulate through the fluid or along
with the fluid, without generating intense friction with solid bodies. For the concentration of 0.5% h-
BN, COF values are grouped and lower for v=0.38 m/s and v=0.53 m/s. It is noticed that COF values
for v=0.69 m/s are very small, much different from the other tests. Thus, this concentration is not
favorable for decreasing friction in four-ball tester or similar systems.

At the concentration of 1% h-BN, COF evolution is in a narrow band for v=0.38 m/s and for
v=0.53 m/s, but for the most severe normal regime (F=300 N, v=0.69 m/s), COF evolution is more non-
uniform and there is a tendency to obtain higher values for the lower load. Here, too, based on the results
obtained, it is recommended to repeat the tests to confirm this trend.

Influence of the concentration of the additive on the parameters of wear and seizure

Concentrations of 0.25%wt and 0.50%wt h-BN did not give satisfactory results, w(\WSD) values
being higher than those of rapeseed oil, but for 1%wt nano additive, the values of this parameter are
lower than those of the base oil, justifying the additive in this concentration (see Fig. 5.12).

In severe regime, the observed and measured tribological parameters show that the additive
lubricant has a better behavior, reflected especially by WSD.

The first value where WSD decreases for rapeseed oil +1%h-BN appears at v=0.38 m/s and
F=300 N. Starting with higher velocities, lower values for WSD appear for v=0.53 m/s and F=300 N,
v=0.69 m/s and F=100N, v=0.39 m/s and F=300N, v=0.84 m/s and F=300N.

At lower loads, namely for F=100 N and F=200 N, WSD values obtained with 0.25% and 0.5%
h-BN in the base oil are higher with 2%-10%, but for the lubricant with 1% h-BN the wear rate decreases
systematically. The WSD reductions, having small values of 1%-13%, may be included in experimental
statistics.

The conclusion is that the additivation with h-BN becomes effective for the velocity v=0.53 m/s
and higher, for all tested loads, and for the additive concentration of 1%wt. Better results in terms of
COF and WSD were obtained with the additive package (1% h-BN + 1% graphene).

The wear results, using additivated rapeseed oil, do not show spectacular results for the
parameters tested in this study, but the additivation improved enough wear parameters to be taken into
account as promising lubricant based on rapeseed oil.
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6.1. Flammability of Fluides and Tests to Assess It

The analysis of the consequences of fire in the work area is today much more complex and must
highlight the short and long-term implications: costs of production interruption, the costs related to the
health and safety of personnel, the impact on the environment and the image of the organization, etc.

The term fire resistant is poorly understood or interpreted relatively when it comes to fluids; it
seems appropriate to specialists to standardize the terminology and revise the accepted test methods in
order to assess the fire resistance of a particular fluid [48], [53]. There is no single property or test for
a fluid that qualitatively quantifies its relative resistance to fire or ignition. Usually tests to assess the
fire resistance of fluids are, in fact, "simulated incidents" so that the tests are a repeatable replica of the
worst possible scenario in typical applications where a fluid is used next to a potential fire hazard. Fluids
pass or do not pass these tests and those that pass them are included in recommendations [176].

The tested fluid

- in the tank

- body absorbing fluid

- liquid, very viscous fluid
- fluid characteristics (temperature,
pressure, composition)

- biphasic or multiphasic fluid

Test conditions
- environment (pressure,

Characteristics of fire

e composition

- heat generated b . ,
combugstion Y Var.lable temperature, pressure)

- flame propagation sina - test scale (small, large)
- auto extinguishing; fire test - characterization of the

tested system
(components, materials,
shapes)

- release of smoke and
combustion products

Ignition source
- radiant heat

- pilot flame

- hot surfaces from
technological process,
friction, shocks

- electric arc

Fig. 6.1. Variables in fire tests, for fluids only, after [168]

Potential sources of ignition include not only red-heated or molten metal, sparks or flames, but
also hot surfaces resulting from normal or accidentally severe operation. Fire-resistant fluids, even if
safer, cost more than petroleum-based fluids and/or require changes in equipment or operating
parameters.

A peculiarity of these tests to assess the flammability of fluids is that the result of the test is given
as "pass" or "not pass". The fluid that has passed the tests is included in the recommendations of the
specialists or in the approvals, but they are subject to regional regulations (in the USA: Approval Guide
or List of Qualified Fluids, in the European Union: [173], [174], [175] or in national regulations:
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The flammability characteristics of a fluid include [129]: smoke point [433], flash point, point of
fire (combustion), self-ignition point or spontaneous combustion point, flammability point (or interval)
on hot surface. Of particular interest is for the determination of these characteristics for organic
structures and especially for hydraulic fluids and lubricants [145].

For vegetal oils, all these characteristics depend on the content of saturated fatty acids [free fatty
acids]. An increase in the content of unsaturated fatty acids causes a drop in the flashpoint from 230 °C
to a content of 0.01 % free fatty acids at 93 °C if this content approaches 100 %. Under the same
conditions the flash-point shall fall from 330 °C to 193 °C and the burning point from 363 °C to 221 °C
[37]. However, the fatty acid composition plays a minor role in modifying these three flammability
assessment points when short and medium molecular chains exist.

The need to assess the risk of ignition in the case of fluids in order to ensure compatibility with
safety requirements is present in European directives, one of the most importance being Directive
94/9/EC (the Explosive Atmospheres. ATEX Directives) [136]. Research on the selection of a technical
fluid exposed to the risk of ignition, the evaluation of the fire risk in the case of technical fluids are also
in the specialized literature [48], [51], [128].

Inflamability on hot surfaces, as a property of technical fluids, is becoming more and more
researched and related to practical applications, because this (undesirable) event of fluid leakage on hot
surfaces, if it occurs, can cause fire, self-ignition and even explosion [52], [53], [62].

6.2. Equipment and test procedure

The equipment is shown in Fig. 6.2 and is called Automatic installation for testing the
flammability of fluids on hot surfaces. It is a modulated design solution of an establishment in order to
perform tests on the flammability of fluids on hot surfaces, made after the solution offered by the the
coordinator of the thesis in 2008.

Fig. 6.2. Installation for testing the flammability of fluids on hot surface. 1 — system with cooling tubes for
the dispenser, 2 — dispenser with cooling jacket, 3 — 2D manipulator for the dispenser, 4 — tank with the test
fluid, 5 — stainless steel enclosure, 6 — thermocouple protected by housing welded to the inclined tube, 7 —
the inclined tube, heated with an electrical resistance, positioned inside it, 8 — tray for collecting the fluid
falling from the tube, 9 — ventilated enclosure, protected with fire-resistant glass, 10 — the compressor
serving the dispenser, 11 — the main switch, 12 — the computer that ensures the adjustment and operation of
the installation, 13 — the display for the temperature of the inclined tube
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The procedure complies with the standard and offers the possibility of automatic operation of the
installation, data recording and filming the test. The test includes the following steps.

1. Cleaning the outer surface of the tube, which must be approximately at room temperature, by
rubbing it with a wire sponge, follows a cleaning with absorbent cotton wool soaked with cleaning
solvent and finally dry with absorbent cotton wool. To make sure that the metal particles are not left on
the surface of the metal particle at all. Cleaning the tube between tests is preferable to be done without
removing it from the support, but with the heating element electrically insulated or removed.

2. Mounting the dropper vertically above the axis of the tube and 300 mm above the surface, at
the middle of the inclined tube.

3. Filling the dispencer with 10 ml test portion of fluid at 20 °C to 25 °C. All tests were done on
the middle of the heated tube in order to avoid small distorsions of the temperature field at the tube ends
due to air circulation in the stainless box.

4. Testing the drip time of the fluid and adjusting the drip rate with the help of a small tap
mounted on the flow pipe

5. Connecting the heating element and balancing the temperature to the value desired by the
operator (maximum 700 °C + 5 °C) at the estimated point of contact, as indicated by the transducer
protected by a metal enclosure welded to the inclined tube.

6. Checking the closing of the explosion-proof windows.

7. Drip the fluid onto the tube at a constant drip rate so that 10 ml of the volume tested is released
in 40s to 60s.

8. Observe and film the behavior of the fluid, both on the surface of the tube and when recording
any flame or burning on the tube or when the fluid is collected in the tray below.

Repeat the test two more times at the same temperature by observing the steps from point 2 to
point 5.

If an ignition temperature is required, select the new temperature below or above 700 °C, as
indicated from the result at that temperature, and repeat (procedure) from 1 to 6. Usually, it begins with
a temperature close to the flash point of the fluid, if given in the literature. Depending on the result, if
the fluid does not ignite, the test is done at a temperature higher by 50...100 °C; if the fluid burns at a
certain temperature, the interval halving method is applied to determine the next test temperature value.
Repeat the procedure until the fluid stops burning repeatedly at 3 consecutive attempts and the
difference between it and the temperature immediately higher at which the fluid ignites, cannot be less
than the tolerance field for the temperature measurement system (here 5°C).

6.3. Analysis of Results

From the films made, frames were selected that indicate moments characteristic of the behavior
of the oil at the heating temperature of the tube, including the moment of the first drop on the tube, the
moment of the start of the smoke release, the moment of ignition of the oil, images with flames of
various intensities, on the tube and/or in the tray, the moment of extinguishing the flame (self-extinction,
if this happens), the last moment of the duration of the test (dripping), moments of burning after
cessation of the test (dripping) if any.

Figure 6.3 shows the unaditivated rapeseed oil tested at 510 °C, with rapeseed oil that ignites.

After the first test at 510 °C, during which the rapeseed oil did not ignited, on the second test
carried out at 510 °C, the oil ignited in the 9th second, with a rather large flame, continuing to burn
more appeased on the tube, the last drops falling on the tube burning a little lower on the tube and just
below it. At this temperature, the oil does not burn and in the tray. Therefore, carrying out as many tests
as possible during the range when the probability of ignition exists is important for determining the
maximum temperature at which the fluid does not ignite. The standard provides for three consecutive
tests, for which the fluid does not ignite, but from the experience of this test campaign, the author has
found that the number of tests carried out at the same temperature must be higher, five, six, even 9, so
as to increase the degree of confidence in the results obtained.

Recorded videos of the tests are the proof that 495 °C is the maximum temperature at which the
rapeseed oil does not burn (three consecutive tests gave the same result), but recent discussions at 1ISO
and in specialists’ forums suggest more than 3 tests, even 6... 9 tests.
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a) First drop of ail
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c) Second 16 d) Second 55
Fig. 6.3. Test 2, with rapeseed oil, tested at 510 °C

The same behavior, burns — does not burn, also characterizes rapeseed oil at the temperature of
505 °C, in the serns that the tests "do not burn" alternate with the "burn” tests. Although it has been
observed that the fluid leaked from the tube can burn (Fig. 6.3c), the rapeseed oil does not burn in the
tray. At 500 °C, the rapeseed ule behaves "ambiguously", it ignites in one test, in another it does not
ignite.

For the test carried out at the tube temperature of 520 °C, the rapeseed oil ignites after only 5
seconds and for short durations, the flame covers the tube, a particularly dangerous event because this
way the tube increases its temperature, maintaining a more violent combustion.

Soot deposition on the tube Detail. Soot on the tube
Fig. 6.4. Fleshy deposits on the tube as they remained at the end of the test
with rapeseed oil +1% h-BN

After the tests in which the rapeseed oil ignited and burns, the tube looks like in Fig.6.4. Fleshy
deposits are visible, which are difficult to remove when cleaning the tube. The white substances induce
the idea that the combustion products are more complex, but remain on the tube, given that there are no
substantial changes in IR spectrograms.

The rapeseed oil additived with 1% h-BN has the same pattern in the combustion process as the
base oil. Very likely, the white traces on the tube are h-BN particles, trapped in the combustion products.
The oxidation temperature of h-BN being very high (800...1200 °C), well above the temperature of the
tube, but also of the flame. Higher flame temperatures are obtained only for fuels (for example, the
ethane flame has 1900°C, but organic substances considered non-fuels have a lower temperature of
manufacture, 400... 800 °C).
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Fig. 6.5. Test 1, with 1 % h-BN additive rapeseed oil at the inclined tube temperature of 480 °C
(the fluid ignites)

Figure 6.5 shows images from a test carried out at a tube temperature of 480 °C, during which
the additivated lubricant had ignited. If, after consecutive tests at temperatures lower than several
degrees, it is found that the time at which the fluid ignites increases, this is a signal that the tests are
approaching the temperature at which the fluid repeatedly stops igniting. Although the addition of 1%
h-BN would have been expected to increase the ignition temperature of rapeseed oil, tests have shown
that the ignition temperature of the additive lubricant is 10...15 °C lower. Further research is needed,
the result is substantiated by tests and must be taken into account when assessing the risk when using
this lubricant.

Figure 6.6. present the results of the tests, in the order in which they were carried out and until
three consecutive tests have been obtained for which the fluid does not burn.
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Fig. 6.9. Test results for a) rapeseed oil and b) rapeseed oil additived with 1 % h-BN
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6.4. FTIR Analysis for Lubricant Samples after Flammability Testing on Hot
Surfaces

6.4.1. Apparatus and method of analysis

Robinson N. [120] presented a model of the lubricant spectrogram, on which specific changes in
used fluid can be identified (Fig. 6.7). Wear particles, compounds resulting from mechanical shear
and/or oxidation or chemical radiation of the lubricant components (for base oil and additives) may be
pointed out.

In all lubrication systems, organic compounds exposed to high temperatures and pressures in the
presence of oxygen will partially oxidize (react chemically with oxygen). There are a variety of by-
products produced during the combustion process, such as ketones, esters, aldehydes, carbonates and
carboxylic acids, and the exact distribution and composition of these products are very complex.

Cidaman

Fig. 6.7. Typical image of an absorbance spectrum for a used lubricant [120]

Some of these compounds are dissolved by the oil or remain in suspension, due to the dispersed
additives in the oil. Carboxylic acids contribute to the acidity of the deplete engine oil and their base
reserve of additive decreases, as neutralization occurs. The net effect of prolonged oxidation is that,
from a chemical point of view, the oil becomes acidic, causing corrosion, while an increase in viscosity
occurs.

FTIR spectrometric analysis can determine the oxidation level by the response of the carbonyl
group (C=0) in the range of 1,800... 1,670 cm™. (Fig. 6.7). In this region, IR energy is absorbed due to
the oxygen carbon bonds in the oxidized oil. Very few compounds found in new petroleum lubricants
have significant absorptions in this area. Thus, monitoring this region is a direct measurement of the
level of oxidation, as compared to another method, such as acidity number (AN), which takes into
account all acidic species in the oil.

The FTIR analysis provides reliable information on the changes in the spent lubricants, but the
information must be supplemented with that obtained through other tests and analyzes, in order to make
a more relevant diagnosis of the used oil samples.

The spectrometer used in this study, is ALPHA II, from Faculty of Sciences and Environment,
"Dundrea de Jos" University of Galati [446], being successful in all FT-IR applications in any industry,
be it quantification, identification of unknowns, raw material verification, quality control or research.

The procedure is simple. Take a little fluid pipette and allow a few drops to fall on the window
of the apparatus (previously cleaned). The analysis is rendered on the computer monitor in the form of
an absorbance spectrum. The dedicated software can identify the wave number of peaks on the graphs.
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6.4.2. Results of FTIR Analysis

Oxidation of vegetal oils produces hydroperoxides and volatile compounds with low molecular
weight, such as aldehydes, ketones, carboxylic acids and alkanes and short-chain alkenes. Thermal
reactions occur when the fluid contact the hot surface, consisting of monomers and triglyceride
polymers [125]. Variations in IR spectra for vegetal oils is not easy to notice because their composition

is similar.

Figure 6.8 shows an absorbance spectrum for the rapeseed oil used in this study, with the
identification of wave numbers for peaks. Similar results were obtained by Jiang D. et al. [74], [95] and
Lu Y et al. [96], with very small differences of thousandths of percent.

BRUKER 88 5 S8 8338 ~on
LA a ol
3500 3000 2500 2000 1500 1000
Wavenumber cm-1
Fig. 6.8. Absorption spectrum of rapeseed oil used in this study
Table 6.1. Allocation of peaks in the FTIR spectrum of the rapeseed oil
Wave number [cm™] . . o
Lu .. 2014 [96] Fig 6.8 A[%] Functional grouping Vibrating mode
1 2 3 4 5

3010 3006.97 -0.101 =C-H (cis-) Stretching
2924 2922.36 -0.056 Stretching
2856 2853.06 -0.103 -C-H(CHy) Stretching
1746 1743.56 -0.140 -C-H(CH>) Stretching
1650 - -C=0 (ester) Stretching
1465 1458.56 -0.442 -C=C- (cis) Bending

1420 -C-H(CH>) Bending

1375 1376.76 0.128 =C-H(CH») Symmetrical bending
1240 1236.83 -0.256 -C-0 Stretching
1160 1160.18 0.016 -C-0 Stretching
1120 1119.05 -0.085 -C-0 Stretching
1110 1096.27 -1.252 -C-0 Stretching

966 -HC=CH- (trans-) Bending out of plane
721 721.95 0.123 -CH:- Pivory

690 -HC=CH- (cis) Bending out of plane

587.60

A[%]=(column 2 — column 1)*100/column 2

53



Dionis Guglea
Assesment of Tribological Behavior of Several Lubricants Based on Rapeseed Oil and Nanoadditives
(Hexagonal Boron Nitride and Graphene)

0.25
L

0.10

0.05

0.00

2500 2000 1500 1000
Wavenumber cm-1

a. IR spectra

0.00

T T T T T T
1600 1400 1200 1000 800 600
Wavenumber cm-1

b) Detail of the spectra in a).
Fig. 6.9. Untested (black) rapeseed oil, tested, with ignition on the tube (yellow) and tested without
ignition on the tube (blue) at 510 °C

The quality of the tested oil (supplied by Expur Bucharest SA) is also highlighted by the overlapping

of the absorbance spectra, for three different samples (Fig. 6.9), one of the three 5 | containers delivered.
Figure 6.10 shows spectrum for the oil picked from the tray, after testing the oil on the hot

surface, at 510 °C: a) spectra on hole range of wave number, b) detail for range 1600...550 cm™.

The peaks identified in Fig. 6.9 are correlated with the constituents of rapeseed oil. The major
bands associated with functional groups of triglycerides include the peaks in the column 2, Table 6.1.

To differentiate the spectra, they were represented below each other (Fig. 6.13) or superimposed
(Fig. 6.14).

Detailing the range of wave numbers 1650... 550 cm™ highlighted the changes. For the oil that
burned on the tube there are no peaks (not very high) between 1600... 1475 cm™, which means that there
are no more of those compounds after combustion. The similar shape of the spectra indicates that the
oil remaining after combustion does not differ from the untested oil, except for insignificant changes.
It follows that the burning of rapeseed oil led to the formation of volatile compounds or fleshy
compounds that remained on the tube or evaporated.
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Fig. 6.10. Comparison of the absorbance spectra for rapeseed oil (blue) and rapeseed oil, tested at 520
°C (oil burned on the hot tube) (red)
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On the absorbance spectrum of the lubricant based on rapeseed oil, additived with 1% h-BN,
in addition to the characteristic spectrum of rapeseed oil, characteristic peaks for h-BN are observed.
A comparison between rapeseed oil and the additivated lubricant is given in Fig. 6.12.

Sudeep et al. [143] have identified the peaks for h-BN, also called white graphene, with
significant peaks in the range of 1500 to 700 cm™. In the FTIR spectrum of h-BN, it is difficult to find
functional peaks because the intense peaks of B-N from 817 cm™ and 1370 cm™ shield other
components and, in addition, h-BN has very few impurities and it is a substance with low reactivity in
air.

Kostoglou reported [79] a FTIR analysis (with the Thermo Scientific Nicolet 6700 system) for
h-BN, for the IR range 4000...400 cm?, identifying peaks (Fig. 6.11) at 764 cm™ and 1329 cm™,
attributed to vibrations of the B-N bond, with results similar to those in [22].

—_
o
—

% Transmittance (a.u.)

(1329) (764)

L L
2000 1600 1200 800 400 [N

Wavenumber (cm-1)

]

Fig. 6.11. IR spectrum for h-BN and SEM imge of h-B particles [9] |

Additional peaks at 1503.32 cm-1, 1376.73 cm™, 1260 cm™ are observed on the graphs of the
absorbance spectra of the additive oil with 1% h-BN (Fig. 6.12).
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Fig. 6.13. Absorbance spectra for rapeseed oil +1% h-BN: blue - untested lubricant, red - lubricant
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Fig. 6.14. Absorbance spectra for rapeseed oil additived with nano h-BN: untested oil (red), oil
collected in the enclosure tray, under the tube, tested at 490 °C (the oil burned on the heated tube)
(green), oil collected in the enclosure tray, under the tube, tested at 490 °C (the oil did not burn on the

heated tube) (magenta)

From Fig. 6.13, it is noted that the spectra of the tested oils (the oil collected in the tray), whether
they burn or do not burn, at the same temperature, have no changes, which implies the preservation of
the composition of the oil remaining unburned, including the presence of the nano additive. Of course,
it is not possible to say what is the remaining concentration of h-BN in the oil leaked into the tray.

FTIR oil samples were analyzed from the tray (leaked from the hot tube) at 490°C (the oil burns
in two tests and does not burn in another test) and at 475 °C (in no test out of three, the additivated oil
did not ignite), and the spectra revealed the same peaks, which imply that the combustion products were
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also volatile products and solid products that were deposited on the tube, the oil leaked from the tube
having no significant change in functional groups. From Fig. 6.14, one may see the elimination of C=C
groups, of the peak of 1459.68 cm™. Except this, the spectograms are resembling.

Rapeseed oil has a particular spectrum through the highlighted peaks and this information can be
useful for pointing out impurities and additives. The oils collected from the tray after testing had very
little modified spectra, which implies that the oil leaked into the tray did not undergo substantial
changes, but the amount collected is very small and, so, part of the oil has been subjected to chemical
reactions due to the temperature of the tube, resulting in volatile oxidation products or fleshy products
that remained on the tube.

These results for an important test in the use of vegetal oils showed that FTIR analysis is good to
be applied for identifying differences in composition between the oil that is not put on fire.

6.5. Conclusions on the Flammability of Rapeseed Oil and Lubricant with
Rapeseed Oil and 1% h-BN on Hot Surface
The conclusion of this study on two oils, rapeseed oil and rapeseed oil additived with 1%wt nano
h-BN, is that vegetal oils have a good resistance to ignition on hot surfaces, since the minimum
temperature at which they do not ignite on a hot surface is higher than that of mineral oils (Table 6.2).

Table 6.2. Results of the tests for the determination of the flammability temperature on hot surfaces

. Rapeseed | Rapeseed oil . . .. |Soybean| Hydraulic . .
Type of ail oil +1% h-BN Olive oil | Corn oil oil mineral oil Hemp oil| Castor oil
Guglea, 2022 [139] [138] | [137]
[Ié'in(ﬁesﬁ,aé;‘re' 495|500 | 475 |480 485|490 |510 | 515 (500|510 | 420 | 425 |500|505 | 490 | 495
Qualifier NI@ N I NI NTIiMINTo)] N [10) [ N [IM] N [1D)
I_gnltlon delay 3 9 5 5 3 5
time [s]

It is noted that, additive or not, vegetal oils have the minimum hot surface ignition temperature
between 480 °C and 515 °C, which would result that it is not the concentrations of the constituents that
matter, but their presence in the oil in question, even in low concentrations, a conclusion also
highlighted in [105]. The short-chain components will ignite first, but they will generate enough energy
to further ignite the components with higher molecular weight.

The conditions for the effective use of the results of the fluid resistance tests are the knowledge
of the possible tests that can be done, the selection of the appropriate ones for improving the operating
safety. Thus, the list of possible fluids to be selected and the list of tests that they "pass", must be known
and established at the very design stage of the equipment in order to obtain the solution that reduces the
risk of fire. It is important to analyze similar accidents, related to actual applications in the same field
of activity (and not only) in order to obtain possible improvements in equipment, technological process,
environmental protection and operators’ certification.

Rapeseed oil does not burn under the test conditions of SR EN 1SO 20823:2004 [186] at 495 °C
and the lubricant based on rapeseed oil and 1 % BN-h does not burn at 475 °C. Comparing these values
with those obtained for other test fluids on the same test intallation and under the same conditions, these
values are higher than the olive oil and hydraulic oil tested in [137].

These results argue once again that experimental results are necessary in assessing the fire risk
when using technical fluids and the additivation of a base oil does not guarantee a-priori better
flammability characteristics, even if the additive would suggest an improvement.

The small temperature range in which the minimum ignition temperature evolves on hot surfaces
for vegetal oils assumes that not the quantity of constituents, but their presence, starts the ignition.

Another pertinent observation is that the temperature range between the tests must not be less
than the tolerance for the measured temperatures, for this installation and the range 20 to 700 °C, has
been determined as £ 2.5 °C, so the difference between the temperatures determined as the maximum
temperature at which the fluid does not ignite on hot surface and the minimum temperature at which
the fluid ignites on hot surface cannot be less than 5 °C.
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7.1. Final Conclusions

The research in this doctoral thesis was oriented towards the tribological study of non-additivated
rapeseed oil and nano additivated with hexagonal Boron nitride and graphene.

The study revealed that the tribological evaluation of a lubricant, especially additivated, should
be done according to several variables, including the type of regime (normal, customized for a particular
application, or severe), the ranges of the test parameters (load, velocity, duration of the test or other
specific conditions, such as load blocks), the lubricant (concentrations of additives, their nature and the
base oil, lubricant temperature) and medium (temperature, composition). Comparisons were done
between the results obtained on the four-ball machine at t=ct and L=ct, the conclusion being that L=ct
better reflects the tribological behavior because direct comparisons can be done between measurable
parameters, such as wear scar diameter (WSD) and not between calculable parameters, such as wear rate
of WSD.

In this work, two working regimes were studied: the severe regime and the normal working
regime (applicable in actual systems). For the normal regime, the tests on the four-ball machine were
performed for constant duration (t=ct=1 h) and for constant sliding distance (L=ct=1933 m).

The tribological behavior of rapeseed oil and lubricants formulated by the author, based on
rapeseed oil and friction and wear modifying additives (hexagonal Boron nitride and graphene, at nano-
sized) was analyzed on the four-ball machine, determining the tribological characteristics:

- friction coefficient (qualitative, as evolution during the test, but also by its average value during
a test),

- wear by the wear scar diameter and wear rate of WSD, w(WSD), and

- the temperature in the ball cup during the test and at the end of the test.

For the tested lubricants, these characteristics evolve into narrow ranges for normal regimen, but
for severe regime, the lubricant with 1% h-BN performs better. It had WSD lower towards higher loads,
as compared to those for rapeseed oil and the OFS parameter — the oil film resistance parameter,
introduced by Paleu [107], [110], is more favorable as compared to that of rapeseed oil. The change in
the tribological behavior with this type of additive is not significant, at least on the studied range of
parameters for velocity, load, additive concentration. But, from the 3D maps of the tribological
parameters in the range of the test regime (load, sliding velocity), there is visble the tendency of the two
nano additive lubricants (rapeseed oil +1% h-BN and rapeseed oil + 1% h_BN + 1% graphene) to behave
better at regimes with higher values of the pair of variables (load, velocity).

The theoretical minimum thickness of the rapeseed oil film was calculated for the parameters of
the working regime, similar to that in the actual tests (F=100...300 N, v=0.23...0.84 m/s and the
temperature of the rapeseed oil in the ball cup 38,9 °C and 60 °C) and the lubrication regime were
identified.

By introducing the dynamic viscosity, experimentally obtained for rapeseed oil at different
temperatures, at the end of the four-ball tests, and the use of the piezo-viscosity coefficient as reported
in the literature, for particular contact pressures specific to performed tests, the theoretical minimum
thickness of the film was calculated. For rapeseed oil, the calculated thicknesses of the fluid film are
very close and comparable to the Ra roughness values of the initial surfaces of the balls in contact.

Based on the calculations done for the minimum theoretical thickness of rapeseed oil film,
suggestively represented in Fig. 7.1 (the color legend has been preserved for both graphs), the following
conclusions are drawn;

- for rapeseed oil, hmin decreases with increased temperature, but increases with increased velocity
and force in contact,

- at the same working regime, the temperature increase causes the reduction of huin.

The following values of hyin are coded as follows in parenthesis: (sliding velocity, in m/s; force
on tribotester, in N; temperature of rapeseed oil, in °C). There are given the ratios between the values
hmin at the same temperature, for the lightest working regime (v=0.23 m/s and F=100 N) and the most
severe normal regime (v=0.84 m/s and F=300 N), regimes that were also applied to the tests on the four-
ball machine.
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It is noticed that, regardless of temperature, this ratio is 2.12...2.13 in favor of the regime with
higher load and velocity. Thus, a regime with higher speed and load is favorable for the formation of a
film with rapeseed oil, at least for the studied ranges of velocities and forces.
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Fig. 7.1. Maps of the calculated minimum thickness of the rapeseed oil film, depending on the
working regime of the contact (force, velocity)

If the same ratio is calculated for the same working regime, but at different temperatures, it is
observed that lower temperatures favor the generation of the film of rapeseed oil.
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Niin 0.84:300:37.8) _ 3.28x1078

=1.76
Nimin (0.84;300;60) 1.86 x 1078

Niin 0.23;100:37.8) _ 154X 1078

=1.75
himin (0.23;100:60) 0.876 x 1078

From running of the theoretical model, described above, for the considered intervals of force,
sliding velocity and temperature, the following is found. Rapeseed oil can form film under certain
working conditions; it is recommended that the metal surfaces in contact to be as finely processed as
possible, not to have roughness peaks that interrupt the lubricant film. A theoretical value of the
parameter A was calculated as the ratio between hmin and an equivalent roughness parameter for the
contact surfaces and it resulted that the working regime of the tribosystem would be at least mixed or
boundary, but from the values of friction coefficient, obtained experimentally, for some sets (v, F) of
tests, this parameter falls to 0.05 to 0.08, values specific to the fluid film regime (EHD). This is argued
by the fact that elastic deformations and wear change the contact configuration (especially the equivalent
radius of curvature increases), which favors the generation of the film.

The influence of the temperature of the lubricant is considerable. The increase in the temperature
of the lubricant in contact causes the viscosity of the fluid to decrease, this process of reducing the
viscosity of the oil, participating in decreasing the theoretical minimum thickness of the fluid film.

At the same temperature and at the same force in contact, the influence of the sliding velocity is
manifested by increasing the minimum thickness with increasing velocity.

When increasing the force in contact, for the same temperature and the same velocity, the
minimum thickness decreases, but the influence of the load is less than the influence of the sliding
velocity.

Chapter 4 presents the laboratory-scale technology for obtaining additivated lubricants, the test
equipment (the four-ball machine and the resistant moment monitoring system), the test campaign
developed to highlight the influence of additive concentration, velocity and force applied to the
tribotester, with constant duration tests, and with constant sliding distance tests (L=ct) for three
lubricants (rapeseed oil, rapeseed oil +1% h-BN and rapeseed oil +1% h-BN +1% graphene). The
operations included in the technology (mechanical mixing of the additive with a dispersant (guaiacol),
mechanical mixing of this initial additive mixture with rapeseed oil and sonication steps and cooling
breaks) allowed for achieving a good dispersion of additive(s), but in small quantities, of 200 ml.

Chapter 5 presents the tribological behavior of rapeseed oil and lubricants formulated by the
author. Following the first tests carried out with a duration of 1 h, for rapeseed oil and rapeseed oil
additived with h-BN (in concentrations of 0.25%, 0.5% and 1%), it was found that the lubricant with
1% h-BN has the best tribological behavior, analyzing in the first row the wear parameters, then the
coefficient of friction and the lubricant temperature, the author considering that these parameters reflect
the durability and reliability of the contact. In the next set of tests, L=ct was adopted because with this
feature, one can compare the tribological parameters at any force and velocity, which for t=ct was not
possible, the comparisons being made only for the same sliding velocity, because at t=ct and different
velocities result in different sliding distances and therefore, WSD was no longer a parameter to analyze.
These tests with L= ct were performed for three lubricants (rapeseed oil, for comparison, rapeseed oil +
1% h-BN and rapeseed oil + 1% h-BN + 1% graphene). Although tests were performed for three forces
applied to the axis of the four-ball ambush, for space reasons only two values are discussed here, the
results for the entire test interval being given in Chapter 5. Figure 7.2 shows COF dependence on load,
velocity and the nature of the additive. Additivated lubricants have the values more scattered around the
trend suggested by the results, given that their distribution in contact may not have a high degree of
uniformity. It is noticed, however, that at higher forces (here F=300 N), COF of the lubricant rapeseed
oil + 1% h-BN + 1% graphene has lower values and the variation with the velocity is in a smaller range,
which recommends for applications with variable velocities.

In terms of wear, characterized by the wear scar diameter, WSD, it is noticed that rapeseed oil
+1% h-BN + 1% graphene has this parameter almost insensitive to velocity, but increases by almost
40... 50%, if the force increases from F=100 N to F=300 N (Fig. 7. 3).
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Fig. 7.2. Values and trends of values for the average friction coefficient (COF),
for three formulated lubricants (L=ct tests)
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7.3. Values and trends of the scar wear diameter (WSD), for three formulated lubricants (L=ct
tests)

The wear rate of WSD (Fig. 7.4) indicates the followings:

at low velocities and low loads, the wear rate of the nano-additivated lubricants is higher than that
of non-aditivated rapeseed oil, but, for the first, this parameter does not depend so much on the
increase in velocity,

at high loads (here is given the graph w(WSD) only for F=300 N), the value of w(WSD) varies
around 1.2x10° mm/(N-m), the lowest values being obtained for the additivated lubricant with
the package 1% h-BN +1% graphene.
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Fig. 7.4. Values and trends of the wear rate of WSD, w(WSD), for three formulated lubricants
(tests carried out with L=ct)
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Fig. 7.5. Temperature values and trends recorded at the end of the test for three studied lubricants
(tests with L=ct)

It is interesting to note that on the domain of working regime, tested with L=ct (v=0.23... 0.84

m/s and F=100...300 N), the trends of evolution of the analyzed parameters do not change:

COF decreases with the increase in velocity and load, the generation of a regime with fully
lubricant film being recognized by small values; for additivated lubricants, the tendency is weaker
at load F= 300 N,

WSD and w(WSD) increase slightly with the load and velocity for rapeseed oil, but for the
additivated lubricants, WSD increases visibly only when switching from the mild regime (0.23
m/s, 100 N) to (0.38 m/s, 100 N); the similarity of the curves for the two wear parameters is due
to the fact that the tests were done for L=ct; this is a "business card" for a lubricant to be inserted
into a system that operates with variable regime (e.g. wood cutting and processing machines,
textile and paper machines, bearings of the stern tube of small vessels, with regulations for
protecting the environment),
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—  for F=100 N, the temperature curve at the end of the test as a function of velocity is lower for
rapeseed oil, the highest being that of the lubricant by 1% h-BN, but at F=300 N the rapeseed oil
is situated between the two nano aditivated lubricants, the lower values obtained with the package
additive lubricant (1% h-BN +1% graphene) due to the better thermal conductivity properties of
graphene (Fig. 5).

Chapter 6 deals with a very rarely analyzed aspect, the flamability of lubricants on hot surfaces,
at the same time with the tribological behavior, although the assessment of the fire risk of technical
fluids is increasingly required in quality management system, as included in the latest version of the
standard, SR EN 1SO 9001:2015 Quality management systems. Requirements. The author tested two
lubricants, rapeseed oil and rapeseed oil + 1% h-BN, reporting results on the minimum temperature at
which the liquid ignites and the maximum temperature for which the fluid does not ignite on hot surface.

Table 7.1. Results of flammability tests on warm surfaces

Type of oil Rapeseed oil | Rapeseed oil+ 1% BN-h
Guglea, 2022
Temperature, [°C] (x2.5°C) 495 500 475 480
Mark N I(T) N I(T)
Ignition delay time [s] 3 9

N — does not burn
I(T) — the fluid ignites or burns on the tube, but does not continue to burn when it is collected in the tray
underneath;

The conclusion is that vegetal oils have a good resistance to ignition on hot surfaces, since the
minimum temperature at which they do not ignite on a hot surface is higher than that of mineral oils.
Additivated or not, vegetal oils have the minimum ignition temperature on hot surface between 480 °C
and 515 °C, which would result that it is not the concentrations of the constituents that matter, but their
presence in the oil. Short-chain components will ignite first, but will generate enough heat to further
ignite the higher molecular weight components.

Based on the results of these ignition tests (but other fire tests may be added), lubricants suitable
for reducing the risk of ignition can be selected in order to improve operating safety.

Rapeseed oil does not burn under the test conditions of SR EN 1SO 20823:2004 at 495 °C and the
lubricant with rapeseed oil and 1 % h-BN does not burn at 475 °C. Comparing these values with those
obtained for other test fluids on the same installation and under the same conditions, these values are
higher than those for olive oil and a hydraulic oil (which burns at 425 °C, typical of this family of mineral
oils).

The author analyzed FTIR spectrograms for lubricant samples taken from the tray (leaked from
the hot tube at the end of the test), both for temperatures at which the fluids burned and for temperatures
at which ignition was not triggered.

Rapeseed oil has a particular spectrum through the highlighted peaks and this information can be
useful for pointing out impurities and additives. The lubricants collected from the tray, after testing, had
very little modified spectra, which implies that the oil leaked into the tray did not undergo any substantial
modifications, but the amount collected is very small and so, part of the oil was subjected to chemical
reactions due to the temperature of the tube, resulting in volatile oxidation products or ashy products
that remained on the tube.

These results for such an important test in using vegetal oils showed that FTIR analysis is usable
in identifying differences in composition between the oil that is not put on fire.

7.2. Personal contributions
The author of this thesis the followings:

— an analytical study of recent documentation on non-additivated and additivated vegetal oils for
lubrication applications, in particular rapeseed oil,
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identification of lubrication regimes and determination from calculation of the theoretical
minimum thickness of the lubricant film for rapeseed oil, in order to establish possible test
regimes,

a laboratory-scale technology of lubricants to ensure the dispersion of nano additives by
mechanical mixing and sonication; the proposed technology is currently applicable to small
amounts of formulated lubricants (200 ml...1 ), because the applied sonication regime heats the
lubricant and must be kept below the degradation temperature of the base oil, the rapeseed oil.
The used dispersant was effective in obtaining a uniform dispersion until the test was carried out,
but the dispersion quality after storage is not known for a long time, characteristic of industrial
scale applications;

the formulation of three new lubricant recipes (rapeseed oil + 1% h-BN), (rapeseed oil + 1%
graphene) and (rapeseed oil + 1% h-BN + 1% graphene). The first variant resulted from tests
carried out on a concentration range of hexagonal Boron nitride, with tests of t=ct, h-BN
concentrations of 0.25%, 5% and 1%. The behavior of the lubricant with 1% h-BN being better
(by analysing the tribological parameters, but especially by focusing on wear parameters), the
study was continued only for this concentration. Taking into account the results obtained by the
team of the Research Center "Mechanics and Tribology of the Superficial Layer", by additivating
rapeseed oil with graphene, the author elaborated two more lubricants, rapeseed oil +1% graphene
and a lubricant with a package of anti-wear and anti-friction additives (1% h-BN +1% graphene)
and compared their tribological behaviors using results obtained from tests with the same sliding
distance (L=1933 m=ct).

the design of a methodology for evaluating the tribological behavior of lubricants by a set of tests
on the four-ball machine: it is worth mentioning how to approach the discussion on tribological
parameters: tests with constant duration and tests with constant sliding distance; in the literature,
most of the studies on the four-ball machine are performed at the sliding velocity v=0.53 m/s,
corresponding to a rotational speed of the main shaft of 1400...1450 rpm, recommended in 1SO
and ASTM standards; the author selected five sliding velocities and performed tests with L=ct,
for a wider range of sliding velocities (0.23...0.84 m/s), and three forces, which allowed for
evaluating the tribological behavior, for operating parameters more commonly met in practice.
Even recent research studies choose a single velocity and a few forces, which does not reflect the
actual working regime of a lubricated system. The tests were carried out for a constant duration
of 1 h (in the literature the normal regime was reported with test durations of 10 minutes, half
hour, one hour and even a few hours) and another set of tests was performed for constant sliding
distance, L=1933 m, distance corresponding to the test of 1 h at the velocity of 0.53 m/s, value
commonly used in other studies;

a complex tribological study on formulated lubricants by:

e the test campaign (with four variables: nature of the additive, its concentration for nano
hexagonal Boron nitride, velocity and load), ensuring, by performing tests twice at the same
parameters, a good repeatability and an increased confidence in the obtained results,

o determination of tribological parameters (friction coefficient as the average value over the
duration of a test, the wear scar diameter, WSD, and the wear rate of the wear scar diameter,
w(WSD) and temperature at the end of a test),

e processing and interpretation of experimental data in order to establish the influence of
variable parameters (in this study, force, sliding velocity, concentration and nature of nano
additive),

o drawing 3D maps of tribological parameters and using them for evaluating tribological behavior
and recommendations on applications in which these lubricants behave well; these 3D maps drawn
as a function of the test regime, represented by pairs of values (load, velocity), help to understand
and adjust the tendency of a parameter to evolve with the combined variation of two parameters and
offer the possibility of identifying working domains with favorable tribological parameters,

¢ astudy on the flammability of rapeseed oil and rapeseed oil with 1 % h-BN on the hot surface,
taking into account the risk of ignition in systems using lubricants and a FTIR analysis of the oil
collected after the test (whether it burns or it does not burn) and the determination of the maximum
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temperature at which the lubricant does not ignite under the conditions of the dropping test on hot
surface and the minimum temperature at which the fluid ignites on the hot surface. These studies
that bring together different characteristics of a lubricant are rare, but very useful. For example,
in the case of rapeseed oil, it is used for heat treatments on metal parts also and because it hardly
ignites. The scenario that the flammability test imitates on hot surface is possible to encounter in
practice and the results are useful in the design of fire protection systems,

— interpretation and dissemination of results through scientific articles, published and/or held at
international conferences. With preliminary results, the author published three WOS indexed
papers and BDI-indexed papers, for several being the first author. He has held papers at
international conferences, presented in English (the 16th International Conference on Tribology,
Kragujevak, Serbia, the 10th International Conference on Advanced Concepts in Mechanical
Engineering — ACME 2022, "Gheorghe Asachi" Technical University of lasi, Romania, June 09—
10, 2022 ACME, the International Conference on Tribology (ROTRIB'19), 19-21 September
2019, Cluj-Napoca),

— during his doctoral studies, the author has developed skills necessary for elaborating a research
study, he has learned to use software for the management of experimental data: MathLab, Excel,
CurveExpert, (the dedicated software of the four-ball machine), the software serving the optical
microscope),

— calibration of the device for real-time measurement and monitoring of the friction moment on the
four-ball machine.

7.3. Directions of Future Research

Based on the results obtained, the research can be continued in the following directions:

- extension of the test areas for load and sliding velocity,

- seizure study of the influence of nano additives, because on the wear and friction coefficient
maps there is a tendency to reduce the influence of the load for nano additivated lubricants and at high
loads, it is likely that the nano additive will move to the right and reduce the slope of the curve load -
WSD,

- the use of other methods of investigation to explain the particular rheological and tribological
behavior of these lubricants (3D profilometry of wear scars),

- complex additivation of rapeseed oil (by formulating a package of additives including viscosity
modifiers and oxidation inhibitors).
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