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OZET

Petrol bazli yalayicilarin ¢evresel etkileri ve fosil yakit rezkmmin kisitl
olmasi dgaya uygun yglayici alternatiflerinin aranmasina sebep olm syeii
mineral esasl bazgéarina dayanmaktadir. Bazslarinin iyi teknik ozellikleri ve
disuk fiyati mineral esasli bazgateknolojisini desteklemgtir. Neyazikki bazyg
sonlu bir kaynaktir. Mineral yasebebiyle olgan kirlilikler Gretimi kadar kolay
dogaya kargamamaktadir. Bununla birlikte, mineral esasl b&lam@nin sebebi
genellikle politik nedenlere Igadir. Varolan stoklari da her zaman ayni fiyatla
fiyatla temin etmek miumkin olmamaktadir. Bigeli olumsuz yani ise mineral
yaglarin dgaya kargma suresinin olduk¢ca uzun sirmesidir. Zinciglgal, trafik
ve insaat sektorlerinde kullanilan gar acik y&lama sistemlerine ait olgu icin
genellikle dgaya birakilir. Ayrica genel kapali gama sistemlerinde de
yanlglikla dogaya dearj etme gibi riskli durumlarla keitasiimaktadir. Bu

sebeple ygayicilar mimkin olan her alanda biyoparcalanabllmalidir.

Bati Avrupa Bioyglayicilar Market argtirmasina gore (2004): toplam
4.750.000 ton/yilhk ys&layicilar pazarinda, biogtayicilarin yeri 172.000
ton/yildir (Whitby, 2004). Ayni argirmaya gore kompresér ve zincir
yaglayicilariinin - énemli bir kismi bioparcalanabilirlacak Uretilmektedir.
Marketteki bioyglayici ihtiyaci, motor y& ve hidrolik yalar olarak
gozukmektedir. Gunumizde, otomativ Ureticileri, l&ollan ya&layicilarin
cevresel performanslari ile ilgili bir talepte boioamaktadirlar, ¢cunki bu
yaglayicilar yuksek katki maddesi icerdiklerinden cdkdrmaik Grinlerdir. Bu
sebeple, cevre dostu motorglar1 formulasyon ¢agmasi daha da zodaaktadir.
Hidrolik yaglar, Turkiye ve Bati Avrupa marketinde, cevre dostaglayici

formulasyonlari icin Gzerinde calllabilecek en uygun adaydir.

Yag asidi esterleri, y&ayicilarda ihtiyagc duyulan, yiksek viskozite
indeksleri, yuksek parlama noktalari vesilki ucuculuklari ile etkin sinir
yaglayicihgl saslarlar. Buna kaglik, bioparcalanabilir ygayicilar, mineral
yaglayicilar ile kasllastirildiginda, oksidasyon stabilitesi ve gk sicaklik
karakteristikleri g6z 0Onune bulundurulgllnda daha diik performans

sergilemektedir. Bu ¢almada, farkli yg asidi esterlerinin oksidasyon veirana
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Onleme uzerine etkileri ile hidrolik g&arin fiziksel ve kimyasal Ozellikleri
argstirllacaktir. Cagmanin ilk basamanda, be farkl yag asidi esteri, termal
oksidasyon stabilitesi ve akizellikleri bakimindan incelenecektir. ¥aasidi
esterleri, Turkiye'deki yayginlklari, fiyatlari veviskozite siniflarina goére
secilmgtir. Calismanin ikinci basam@anda, en iyi sonucu veren; kanologyave
trimetiloleat (TMP TO) hidrolik yg formulasyonu kasimi calgsmasinda
kullaniimistir. Hidrolik yaglarda, ISO VG 46 sinifinda DIN 51524 normlarina
gore en iyi ydlayicilik performansini elde edebilmek icin fariag karsimlar
hazirlanmgtir. Sonuclar ortaya c¢ikargtir ki: hidrolik yag formulasyonlarinda
esterler kullanildiinda, y&layicinin yapisindaki polar gruplarin v@rhdan
dolayi, formule edilen y#ayici, yuksek sicaklik ggsimlerine ve parcalanmadan

kaynaklanan bozulmalara dayanmakta ve muikemngefilyai olusturmaktadir.

Calsmanin sonunda, oksidasyon performansi inceleneerl@sh ana
bilesen, katki maddesi ve kaligtarici olarak hidrolik yg formulindeki kullanim
yerine karar verilmtir. YUksek sicaklik ve @r hidrolik uygulamalarinda;
sicaklgin 150 C dereceden daha yiuksek @ldu TMP TO hidrolik y&
formulasyonunda yalnizca katki maddesi olarak kuiddoilecei ortaya ¢ikmgtir.
Orta zorluktaki uygulamalarda, 6zellikle orman vaiat alaninda TMP TO

hidrolik yag formulinde baz y&a olarak kullanilabilinir.

Anahtar kelimeler: Triboloji, Ester, Ygayici, Baz Y&, Hidrolik Yag,

Oksidasyon, Ainma, Surtinme.
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ABSTRACT

The concern over the potential impact of petroldaased lubricants on the
environment and the limited fossil fuel reserves lkeeeated an opportunity to
promote environmentally acceptable alternativese @avelopment of lubricants
like engine and hydraulic oil was mainly based omaral oil as a base fluid.
Good technical properties of base oil and reasenplite enhance technology
with mineral base oil. Unfortunately mineral oiladinite source. The deposits of
mineral oil can not be replenished as fast as #Hreyused up. In addition, the
availability of mineral oil is highly dependent qolitical considerations. Even
existing deposits do not guarantee that they welhbailable to us in the future, at
least not at the current price. The second aspgeittei pollution of environment
associated with the use and discharge of chemidalsire can not easily tolerate
the environmental problems associated with theywrtidn and use of mineral oils
which are petroleum based. In open lubricationesystlike power saw chain oils
(forestry), switch lubricants (traffic), slab ofsonstruction) and hydraulic oil of
harvesters are generally directly exposed to enment. Also in general closed
lubrication systems, lubricants might be directlispdsed to environment
accidentally (primary/direct pollution). Lubricantare chemicals with high
environmental relevance. Therefore, it is highlgiceble to use environmentally

friendly lubricants wherever possible.

According to Western European Biolubricants MarBetvey in 2004; the
total lubricant market is 4 750 000 tones/year whetal Biolubricants are 172
000 tones/year (Whitby, 2004). According to thevpres data market in the
table, compressor and chainsaw oils are producdad wiolubricants to a
reasonable extent. The market need for biolubricatmainly for automotive
engine and hydraulic oils. Manufacturers do not enaky claims about the
environmental performance of automotive lubricasugently. And also they are
complex products with high additivation. So a fofation study for
environmentally friendly engine oil would be hardétydraulic oil is a good
candidate either for Western Europe and Turkey etank order to work on

environmentally friendly lubricants formulations.
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Fatty acid esters provide good boundary lubricatligh viscosity index,
high flash point and low volatility which are desddte properties in a lubricant.
However, biodegradable lubricants have low perferteacompared to mineral
oils, particularly from the standpoint of oxidatietability and low-temperature
characteristics. In this study, the influence offedent fatty acid esters on
oxidation, antiwear, physical and chemical progsrtiof hydraulic oil was
investigated. In the first step of the study fiviffadlent fatty acid esters were
evaluated in terms of thermal oxidative stabilitydaflow properties. The fatty
acid esters were chosen according to its extenssgemm Turkey market, price and
viscosity grade. In the second part of the stuegt lcandidates; rapeseed oil and
trimethylolpropantrioleate (TMP TO) were used indhgulic oil formulation
blend study. Different hydraulic oil blends werenfwlated in order to have the
best lubricity performance in hydraulic oil accarglito DIN 51524 norm at
viscosity of ISO VG 46. The results revealed thdtew esters were used in
hydraulic oil formulations, because of the presesfdie polar groups in structure
the lubricant withstand extreme temperature vammesti shear degradation and

maintain excellent boundary lubricant film formatio

At the end of the study, after the investigatiortre oxidative performance
of the esters; it is determined that the esters lmarused as base fluid, main
component, additive or thickener in the formulatminhydraulic fluid. For high
severity hydraulic applications; where operatinghperatures are higher than
150°C; TMP TO can only be used as an additive girdaylic oil formulation. In
medium severity applications; mainly in forestrydatonstruction TMP TO can

be used as a base fluid in hydraulic oil formulatio

Keywords: Tribology, Ester, Lubricant, Base Oil,diigulic Oil, Oxidation, Wear,
Friction
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1. INTRODUCTION

Fossil fuel reserves are decreasing and strict environmental regulations are
set in most of the countries; there is an increasing demand for environmentally
friendly hydraulic oils throughout the world. Not only because of the
environmental regulations and future fossil fuel shortage; there is a big
environmental hazard risk because of the spillage of lubricants directly to the
nature. High amounts of hydraulic oils disappear by spillage or other reasons
every year. As aresult, ground water, soil are contaminated and animals or plants

are poisoned by these accidents.

There is a trend to use biodegradable fluids. Especially in forestry, number
of machine users prefers to use environmentally friendly hydraulic oils. Fatty acid
esters are considered to be potential candidates as substitutes for conventional
minera-oil based lubricating oils and synthetic esters. Fatty acid esters have low
volatility due to the high molecular weight of the triglyceride molecule and

excellent temperature viscosity properties.

On the other hand, fatty acid esters have poor oxidative stability primary due
to the presence of bis-allylic protons. These active sites are highly susceptible to
radical attack subsequently the molecules undergo oxidative degradation. After
this reaction, insoluble deposits are formed and oil acidity and viscosity increases.
Insoluble deposits cause problems in hydraulic oil filtration and acid formation
and viscosity increase cause problems in lubricating performance of the hydraulic
oil.

This study presents an approach to evaluate five different fatty acid estersin
hydraulic oil formulation in terms of oxidation and other hydraulic oil
performance analysis. The oxidation properties of the ester containing hydraulic
oil blends are tested according to I P 48 test method.



2. LITERATURE OVERVIEW

Tribology which is derived from the Greek tribosgaming rubbing) is the
science of friction, wear and lubrication. Althoutite use of lubricants is very
old, the focus on lubricants and lubrication tedbgg is relatively new. For
example the term tribology was first introduced 866 and globally described as
reach field activity since 1985. Although, lubricat technology is a new
terminology; since saving energy and resources eulting emission have
become central environmental matters, lubricanésnaore attracting the public
attention. It has been shown that 0,4 % of grossestic product could be saved
in terms of energy in Western industrialized coustrif current tribological

knowledge was applied to lubricated processes (M20@7).

On metal surfaces under boundary lubrication eofitiln is formed and this
phenomenon is related with the combination of @#rsces and technologies. The
fundamentals of chemistry and physiscs are explaitetribochemistry but also
mechanics and material sciences are included. &helabment of lubricants has
become an integral part of the development of nmalpi and its corresponding
technologies. The annual consumption of lubricdmtsluding automotive and

industrial lubricants) is shown in Figure 2.1 acting to year 2006.
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Figure 2.1. Global Lubricant Consumption in 2006

Lubricants are generally classified into two mapgmoups: automotive
lubricants and industrial lubricants. Industrigbdicants are also divided into two
parts: industrial oils (hydraulic, compressor andbine oils) and industrial
specialities (greases, metal working fluids, sdiidbricants etc.). The most
important group of the lubricant is engine oils lehthe second important group

is hydraulic oils.

Industrial

2006 Worldwide Lubricant Consumption
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8.3 Million tonnes industrial lubricants
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Figure 2.2 Global Industrial Lubricant Consumption in 2006.




Lubricants have an impact on health, safety andetmaronment at all
stages of their production, use and disposal. Bheyld be non-toxic to human
health through contact or inhalation during produciand use. Their accidental

spill can have the potential to cause ecologicsgaters (Rudnick, 2006).

Hydraulic Oils

Hydraulics is described as the transfer of energysagnal through the fluid
to drive, control a device. Hydraulic fluids bassdmineral oils, synthetic fluids
and fire resistant fluids are used in all type o&ctmnery and equipment.
Hydraulic oils are used in a variety of machines;luding automobiles, car
transmissions, power steering systems, and povesebr Hydraulic oils are also
used in tractors, excavators, forklifts, bulldozetnsicks and other industrial
machinery. Most aircraft flight control systemsaatequire hydraulic fluid.

The use of hydraulic fluids relative to other inttigd lubricants is shown in
Figure 2.1-1 (Rudnick, 2006).

HF Consumption in USA

Other Industrial Fluids
38%

Hydraulic Fluids
49%

Other Hydraulic ) .
Fluids Fire Resistant

11% Hydraulic Fluids
2%

Figure 2.1-1 Hydraulic Fluid Consumption in United States.

After engine oils, hydraulic fluids account for appimately 15% of total
lubricant consumption (Mang, 2007). In modern laydic systems, hydraulic
fluids developments are mainly based on correctlicgipn, reducing

maintenance intervals, reducing wear and increasiachine life.



2.1.1 Elementsof a hydraulic system

In hydroulic sytems, the hydrostatic displacemenibased on fluid power.
According to Pascal’'s Law from the L entury; “Pressure applied anywhere to
a body of fluid causes a force to be transmittedatly in all directions. This
force acts at right angles to any surface within,iro contact with the fuid”

Pascal’s hydrostatic principle.

In hydraulic systems, the flow of the liquid createmovement. Flow is
created by the hydraulic pump and then flow is ested back to useful motion
by activating motor/cyclinder. The most common edets of a hydraulic system

are:

* Pumps and motors (eg, gear, rotory vane and paiops)

* Hydraulic cylinders (eg. Single - double — acjion

» Valves (e.g pressure limiters and control valves )

» Circuit components (eg fluid tanks, filter systenpessure tanks,
pipework etc.)

» Seals, gasheds and elastomers

2.1.1.1 Pumpsand Motors

Electricity or mechanical energy is converted imgdraulic energy by
hydrostatic machines. Mostly electric motor or dleengine are used to drive the
hydraulic pump.The most important types of pumps @gear,rotory vane and
axial and radial piston pumps.The type of pumpsgarmerally dependent on the
flow rates .The flow rates and approprite pump $ypee tabulated in Table 2.1.
As a result, hydrauic fluids must protect (drivenmmnents and bearings) from
wear and corrosion; also should reduce friction #mel accumulation of the

deposits.



Table 2.1 Hydraulic Pump Types

Flow Rate (cnirev) Pressure (bar)
Minimum Maximum Minimum Maximum
Gear Pump 04 1200 160 250
Rotary Vane Pump | 30 800 _ 160
Radial Piston
10 6000 480 700
Pump
Axial Piston Pump |5 3000 150 550

2.1.1.2 Hydraulic Cyclinders

Hydraulic cyclinders transform hydraulic pressunéoilinear movement.
The fluid flow is driven by this actuator so thabnk is performed. A hydraulic

oil should lubricate the piston, avoid stick-slipdareduce wear in a cyclinder.

2.1.1.3 Valves

Valves are mechanisms that provide both contropressure and direction of
flow. Generally there are two types of valves; flealves and proportional —
servo valves. Flow valves have preset switchingntggoi(Mang, 2007).

Proportional and servo valves are electrohydrasticthat their movement is
proportional to the electrical input signal. In alwe, heat should be dissipated,
wear should be reduced and friction should be mimedh by the hydraulic fluid,

also, high termal loads may lead to deposits amanging in the valves, therefore

the hydraulic oil should from no deposits

2.1.1.4 Seals, Gaskets and Elastomers

Every seal and elastomer is somehow exposed thyttheulic fluid so the
compatibility of hydraulic fluid and elastomericade are very important. A seal
is mechanicaly stressed by the preasure and prsatithe fluid. Also seals are
chemically influenced by temperature, oxygen, wadditives and the oxidation
by products of the hydroulic fluids. Ideally a seat shrink when in contact with



a hydraulic fluid because of the danger of leakad@ough slight swelling is
permissable. The duration of the usual hydraulic and elastomer media
compatibility test is seven days at 18D (Mang, 2007). The hardness change,
volume change, tensile streight and elongationkiypeint are tested in elastomer

test.

The use of hydraulic oils is to transfer power yditaulic machinery and
equipment. Hydraulic fluids contain numerous cheinmompounds, including
oils, esters, silicones, butanol, polyalkylene glgc(PAG), corrosion inhibitors,
and many others. The three most common types ohichés used in hydraulic

fluids, are polyalphaolefins (PAO), phosphate estand mineral oil.

Luckily, the current interest in protecting the gomment has created a
demand for biobased and biodegradable hydrauli@dsluA biodegradable
hydraulic fluid has a base stock of vegetable sush as soybean, canola, or
sunflower. These biobased fluids help to minimipdytion in the case of an oil

leak.

These biodegradable fluids are an important advhecause the chemicals
used in a conventional hydraulic fluid can be ax@d harsh on the
environment. When there is a leak or spill, soméhefchemicals stay on top of
the soil while others sink into the groundwaterthié fluid leaks into a body of
water, some of the chemicals will sink to the battevhere it can stay for over a
year. Fish and other marine life that live in comitsated water can take hydraulic
fluid. Unfortunately, a biodegradable hydrauliciflus much more expensive

than a conventional fluid, so these biobased flamdsnot widely used.

People can become exposed to the chemicals in aadlid fluid by
touching it, swallowing it, or breathing the airanea machine that uses it.
Exposure can also occur by touching contaminatéddosovater. Not much is
currently known about how airborne exposure to @rdwylic fluid affects human
health. Ingesting these fluids can cause intesbtedding, pneumonia, or death.
Workers who handle hydraulic fluids on a regulasibdave reported weakness
of the hands. If one has prolonged contact withtrhgdraulics fluids, there is the

possibility of skin irritation.



Hydraulic fluid becomes hazardous when heatedstfiash point, sprayed,
or is vaporized. Proper storage requires that lwdrdluid be stored in sealed
metal containers, and the storage of large questghould be done properly.
Rags and clothing soaked in hydraulic fluid shoalsb be contained in closed
metal containers to avoid a possible fire hazard] disposed of in a proper

manner.

2.2 Base Oils

The development of lubricants like, e.g. engine &ydraulic oils was
traditionally based on mineral oil as a base flditiis is mainly related to the
good technical properties and reasonable priceinénmal oils. According to the
Report to the Club of Rome and depending on the diwarises of 1979 and
1983; the mineral oil is a limited source. Additadly; environmental problems
associated with the production and use of chemmadsthe mineral oil spills to

the environment made the market to search forratete (Andreas, 2001).

The depletion of world petroleum reserves, thetéthcapacity of nature to
tolerate the mineral oil pollution and the increhgmvironmental concerns have
stimulated the search for alternative sources fog tubricants, including
hydraulic oils. Because of the closer propertieders from vegetable oils are

considered as the best candidate for hydraulic tihsebstitute in lubricants.

Esters are investigated as a potential sourceboicants instead of mineral
oils because of the strong environmental concenusreew regulations. In US
market the overall lubricant market has an annuanth rate of 2 % whereas the
annual growth rate of environmentally favorablericdnts is 7-10 % (Andreas,
2001).

221 Mineral ails

Mineral base oils are products of crude oil refthprocess which have long
hydrocarbon chains with good lubrication propertiBase oils are not only a

carrier medium for the performance additives withinubricant, but also an



integral part of the overall performance of modéubricants. In a general
lubricant formulation 75-95 % of a lubricant is basil. Base oils have organic
and man made sources; Mineral origin (coal fromngslaand animals) and
Chemical Synthesis (oil shale, natural gas, crujeMostly the major source is
the crude oil, and crude oil differs accordingte source. For example; in Figure

2.2.1-1 the difference in appearance is indicated.

.
A
Y

1 2

o
Figure 2.2.1-1. Boscan [1], Sourakhany [2], Arabian Light[3], Baw~ Island[4] crude oil

samples.

Not only the appearances, but also the chemictieotrude oils are based

on the source.

Table 2.2 Physical differences in crude oil.

Field Brent Boscan Barrow Arabian
Island Light

Location North Sea | VenezuellaAustralia Middle East

Pour Point (°C) -3 10 -30 -28

Sulphur (%w) 0,4 5,5 0,05 1,8

Viscosity@40°C | 4 19000 3

Density,15°C 0,833 0,993 0,841 0,878

% 59 17 80 55

distillation<340°C

Vanadium (ppm) | 6 1320 16
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The original demands from the early refinerieshi@a 1860s and 1870s were
to maximize the production of kerosene as a cheap@more efficient source of
light than provided by whale oil (Rudnick,2006)helnmext important product was
paraffin wax for the production of candles. Lubticg oils did not have a place
in the early refineries and were often consideceldet an un-welcome by product
of the production of wax.

With the significant growth of industries in Northmerica created by
industrial expansion during the late 1900s, theregt in lubricating oils finally
grew to such a level that it was able to displatenal and vegetable oils as the
preferred option for machinery lubrication. Andrafinery processing improved,
the quality of lubricating oils also improved. Timroduction of the internal
combustion engine created a key demand for new ugtedand refinery
processing shifted toward the production of gasoland diesel fluids. The
evaluation of the aviation industry created a fertmeed for higher quality
aviation gasoline and later jet fuels. These adearents created a further and

significant demand for lubricating olil.

Throughout the majority of the P0century, the performance demand for
lubricants has been fairly straight-forward. Priorthe 1930s, straight mineral
oils (i.e., lubricant base stocks) were used fostapplications, including high
temperature conditions where the potential for atiah would occur. As engines
and equipment underwent design chances to opergiterhspeeds, loads and
operating temperatures, the technical demands en lubricants increased
dramatically. Unfortunately, straight mineral odlsbase stocks were not capable

of meeting these new performance demands.

Base stocks did undergo a fundamental change bagimmthe 1930s when
a shift from napthenic to paraffinic base stockscuoed following the
introduction of solvent dewaxing. Paraffinic baseck quality would range from
80 to 105 Viscosity Index (VI) with a typical VI &5. Variations in base stock

quality would be influenced by crude oil selectioprocess severity and
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application demands. Continued improvements in Isé@ek manufacturing did
occur over the next several decades. However, tadgancements were more
focused on improving unit efficiency, product yigldeed flexibility and unit

safety.

Throughout the latter half of the 2@entury, solvent refining or separation
processing has been adequate to produce high velafruality base stocks for
most applications. Special small volume productsrewérmulated, when
required to address severe operating conditiogs egh/low temperatures, high
pressures, etc.) with high quality synthetic bateks like polyalphaolefins
(PAO) and esters that have outstanding VI, pountpeblatility and stability.

The benefits of hydrocracking included increasadierflexibility and the
opportunity to produce higher VI base stocks. Hosvethe higher cost to operate
lube hydrocrackers combined with reduced unit bdity and lack of demand for
premium products limited North American investméminly 10 % of capacity
as late as 1995 with no significant capacity ineothegions of the world
(Rudnick,2006).

Paraffins
PAO GTL
G I
Group | b
Group |l
Gas QOil
Aromatics Naphthenics

Figure 2.2.1-2 Typical paraffinic, napthenic and aromatic contehtBase Qil types (Lubrizol
Fluid Technology Seminar, 21-25 April 2008).
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2.2.2 Classification of lubricant base stocks

The American Petroleum Institute (API) presentlyegarizes base stocks
into five groups depending on physical and compmsal properties. This is
included in API 1509 that is the Engine Oil Licamgiand Certification Systems
(EOLCS). The original standard was introduced melarly 1980s in an effort to
capture the differing qualities of lubricant basecks that could be used in the

formulation of engine oils.

API1 Groups LIl and 1l represent base stocks tgftycrefined from crude
oil and are differentiated by Viscosity Index (Végturated contents and sulphur
content. APl Group | is achieved through solvenfinneg or separation
processing, whereas, APl Group Il and Group Ill preduced either directly
from conversion or hydroprocessing technology onfran integration of solvent

and hydroprocessing technologies.

Group 1 base oils are the least refined of allgitoeips. They are usually a
mix of different hydrocarbon chains with little @o uniformity. While some
automotive oils on the market use Group | stodksy tare generally used in less

demanding applications.

Solvent refining (e
Atmospheric Fuel Plant |pg
Distillation Gasoline
50 Kerosine
iy Diesel / Gas
* il
Vacuum Solvent Solvent Mild
glrlude Distillation Extraction Dewaxing Hydrofinishing Base
Propane ~ 100N
30 deasphalting | 10
Atmospheric 500N
Residue
» 150BS
20 4\\r /I}\Iéa
! Hydrogen
Vacuum : Aromatic  wax Light
Residue Bitumen/ EXtracts Fuels
L ot A Euel Ol

Figure 2.2.2-1. Scheme of Solvent Refining Process of Group Ibflaol Fluid Technology

Seminar, 21-25 April 2008)
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Solvent technology is commercially used since 19Bidvent extraction
removes aromatic components and solvents geneualtyl for extraction are
furfural, n-methyl pirolidone (NMP), DUO-SGI" (propane and mixture of

phenol and cresols) and phenol.

In Figure 2.2.2-1 solvent dewaxing is indicated.lv8ot dewaxing is
achieved by chilling and precipitation solvents ftewaxing are methyl-ethyl

ketone and toluene or methyl-isobutyl ketone.

Table2.3 American Petroleum Institute (API) Base Oil Categories

Base Oil| Sulphur Saturates Viscosity
Group (Wt%) (Wt%) Index
Group | > 0,03 And/or <90 80 -119
Group I <0,03 And >90 80 —-119
Group I <0,03 And >90 >120
Group IV All Polyalphaolefins (PAO)

Group V All base stocks not included in Groups 1-4

(Source: From American Petroleum Institute, InduServices Department, Engine Oil Licensing
and Certification System, API Publication 1509" &8l. April 2002)

Group Il base oils are common in mineral based moits currently
available on the market. They have fair to goodfguerance in lubricating
properties such as volatility, oxidative stabiland flash/fire points. They have
only fair performance in areas such as pour paiontd crank viscosity and

extreme pressure wear.

Modern hydroprocessing makes products with excegtigourity and
stability due to an extremely high degree of hye@rogaturation. The first major
step is hydrotreating, adding hydrogen at temperatuabove 300°C and
pressures above 34 atm. and the next process isdmgdking, which is
performed at temperature above 350°C with a higisgure of 68 atm using

catalyst.

During hydroisomerisation, assisting catalytic deivg the products is
made a branched structure (Figure 2.2.2-2). Theess is conducted under
pressure and at elevated temperatures with themresof catalyst-operation is

easier than solvent dewaxing, provides additionahelit of cracking large
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molecules into smaller chains. Catalytic dewaximgdpces much lower pour
point base oils. Dewaxing with hydroisomerisati@mwerts wax to high viscosity

index isoparafins.

Eleven carbans

NN * NS :
Five carbons + six carbons Y\/\/Y
Earlier cracking Eleven carbons
technology Advanced iso
cracking/dewaxing
technology

Figure2.2.2-2. Advanced catalytic dewaxing technology (Sourdeaibrizol Fluid Technology
Seminar, 21-25 April 2008)

Group Il base oils are subjected to the highestllef mineral oil refining
of the base oil groups. Although they are not cloalty engineered, they offer
good performance in a wide range of attributes &l ws good molecular
uniformity and stability. Group Il base oils havecome more common in

America in the last decade.

API Category IV was also introduced for PAOs. Ttlass of lubricant base
stock has been recognized by the petroleum indastdyby the consumer as the
pinnacle in base stock quality where the best bridation performance can
usually be achieved. It is not surprising, therefahat PAOs are traditionally
referred as synthetics. Because of the uniquenkesseoPAO process and the
consistency with its quality and compositional pdjes, all PAOs are
considered equivalent and interchangeable provitleey meet the same

specifications regardless of the manufacturer.

API1 Group V, finally, is a collection name for @ldse stocks not covered by
the Group I-IV guidelines, including but not limiteto such materials as
napthenic base stocks, esters, silicones, glypolgglycols, etc. A new category
for polyinternalolefins (PIOs) was introduced inr&pe by the Association Des
Constructeurs Europeans D’Automobiles (ACEA) in 2Rudnick, 2006) and
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designed as Group VI, although the base stockssblees have been produced
for several years. The ACEA organization has estiadli some interchange
guidelines with PAO; however, the category hastgdie considered by the API

for the North American market place.

2. 3Hydraulic Oil Additives

Base fluids-mineral oil and also synthetic produggserally cannot satisfy
the requirements of high performance lubricantsheut using the benefit of
modern additive technology. Additives are syntheliemical substances that can
improve lots of different parameters of lubricanf&ey can boost existing
properties, sup-press undesirable properties anddirce new properties in the

base fluids.

Additives can be classified regarding different ex¢p. Important and
helpful for the understanding of additives is tldldiwing differentiation that
takes into consideration which part of the tribesteyn is influenced by the
additives. According to these considerations adektican be classified into types
that

I. influence the physical and chemical propertiedhefliase fluids
- physical effects : e.g. VT characteristics, denmility, low
temperature properties, etc..
il affect primarily the metal surfaces modifying theiysicochemical
properties, e.g. reduction of friction, increaseEd®® behviour, wear

protection, corrosion inhibition.

Additives are used at treat rates of a few ppmoupOtor even more weight
percentages. They can asist each other (synergisnthey can lead to
antagonistic effects. Some additives are multifienal produtcs that decrease
the possibility of additives interfering with eacither negatively. Although
well balanced and optimized additive systems cagmrave the performance of
lubricants enormously the formulation of high peniance hydraulic oils may

need excellent high quality base oils.
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2.4 Biohydraulics

Hydraulic fluids represent a major growth area fmolubricants. The
specific application is in mobile hydraulic equipmeaused in environmentally
sensitive areas. Hydraulic fluids should therefoeebiodegradable and there are
also increasing demands for the lubricant to halvgla renewability content (i.e.;
to use natural based feedstocks). Table 2.4 comphee biodegradability vs.
renewable content for a range of lubricants. Itloarclearly seen that esters allow

for the development of high performance hydradtaas.

Table 2.4 Comparison of Lubricant Biodegradability and Renleity according
to OECD 301 B.

Biodegradability % Renewability %
Vegatable Oil 70 to 100 100
Mineral oil 20 to 40 0
PAO 20 to 60 0
Alkyl benzene 5to 20 0
Diesters 40 to 80 0to 80
Aromatic ester 5to 70 0
Polyol ester Polyol ester 0to 85
Complex ester 20 to 90 0to 100
Polyalkylene glycol | 10to 70 0

2.5 Natural OilsasLubricants

The last decade has seen a slow but steaulye toward the use of
“environmentally friendly” or more readily biodeglable Iubricant fluids.
Biodegradability has become one of the most impbdasign parameters both in
the selection of the base fluid and in the ovefatmulation of the finished
lubricants. By more readily biodegradable it is nte¢hat the fluids, using
standard methods and assays, are converted frotaliheating fluids to lower

molecular weight components that have essentiallgnvironmental impact. The
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rate at which lubricants, and other chemicals alitacd components, biodegrade
is related to their structure affects their projsit many of which affect
performance in the various tests for biodegradabilFor example, water
solubility is critical in some tests for biodegradidy, and toxicity is very
important, because if the lubricant is toxic anduees the organism population,
then this directly and negatively the process otibgradation (Rudnick, 2006).

The demand for biodegradable lubricants is dua ¢powing concern for
the impact that our technology is making to ouriemment. This concern is
occurring both as the result of a combination a@aloand national regulations,
and as well as a result of consumer influence. ji@an countries, specifically
Germany and Austria, and the Scandinavian countiaee led the efforts in this

region.

The benefits of vegetable oils beinghbrenewable and biodegradable
have provided an incentive to find application foese fluids as chain-saw bar
lubricants , outboard engine lubricants, drillinguds, and in partial loss
applications such as hydraulic fluids and greases

Vegetable oils cost approximately twice that mineral oils, are
biodegradable, and renewable. They are also ablprdgide biodegradable
features, generally achievable by synthetic estarsat substantial cost savings.
Vegetable oils in general are deficient relative noneral oils, chemically
modified mineral oils (CMMOSs), and most synthetibiicants in terms of their
thermal and oxidative stability. There are alsosame cases, serious limitations
to the use of vegetable oils when used in appboatrequiring operation at low

temperatures.

Fatty acids are primarily long chain unbrancheghddtic acids, with the
carbon atoms attached to hydrogen and other grangsthe chain terminating
with a carboxylic acid. Most naturally occurringttfa acids contain an even
number of carbon atoms in their backbone chaingsé@Hatty acids have even-
numbered chains with 14 to 22 carbon; those witteeil6 or 18 carbons occur

most frequently. The polar -COOH group is enouglmtke the shortest fatty
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acid chains water-soluble. As chain length increagee fatty acid type becomes
progressively less water-soluble and takes on oilyfatty characteristics. At
points where hydrogen atoms are missing from adjacarbon atoms, the
carbons share a double instead of a single bomibulble bonds occur at multiple
sites (up to a maximum of about six), the fattydads polyunsaturated.
Unsaturated fatty acids have lower melting poihtntsaturated fatty acids and
are more abundant in living organisms. The carld@mincof a fully saturated fatty
acid is more or less straight. An unsaturated fatig may take one or two forms
at a double bond are positioned at a double bamdhé cis form, both the
hydrogen atoms of the double bond are positionethersame side of the C-C
bond. In the trans form (hydrogen atoms on oppasies of the double bonds),
the chain is twice trans fatty acids are thermodyioally more stable than the cis

form and therefore melt at a higher temperature.

If the three fatty acid bind to each of the thrg®H sites of the alcohol
(glycerol; propane-1,2,3-triol), the resulting caopd is known as
triacylglycerol. They are the fully acylated detive of glycerol. Similarly, when
one and two of the —OH groups are esterified witoleol, monoacylglycerols
and diacylglycerols are formed, respectively. Seaskd oils constitute mostly of
triacylglycerols (98%), with minor amounts of digbrols (0.5%), free fatty acids
(0.1%), sterols (0.3%), and tocopherols (0.1%) (fcid2006) .

The viscosity of lubricating oils is one of theirost important properties
when specifying oil for a particular applicationhd chemical structure of the
vegetable oil affects the flow properties of the Bor example, if fluid oil that
contains a significant quantity of oleic, linoleioy linolenic acids or other
unsaturated components is hydrogenated to prodsetusated version, the new
material would have the properties of grease. Tfeteof this hydrogenation is
to convert molecular structures that are bent atdbuble bond to molecular
structures that are essentially linear in natutee &ffect of removing the double
bonds improves the oxidative stability of the oil.

The key to the use of vegetable oil-based lubrg@nthat they cannot be

used in every application. There is simply not eowegetable oil produced
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globally on an annual basis. The entire productbregetable oil does not go
into lubricant application. Therefore, it is usefid consider application of
vegetable oils in lubricant applications where pineperties and performance are
best matched. For vegetable oils, this is in appbns where the maximum
operating temperatures are on the order of less 188 °C. At the other and of
the spectrum are low-temperature properties of vibgetable oils relative to
synthetic lubricants, mineral oils, and CMMOs. Maoifythese lubricants have
excellent low-temperature properties and can be uséer arctic conditions for
extended periods of time. The limitations, desdtilie the preceding section,
show that vegetable oils should be employed iniegigbns where the ambient

temperatures remain above -40 °C.

Oxidative stability is dependent on the predominfaty acids present in
the vegetable oil. Oils containing mostly saturatatly acids will have good
oxidative stability compared to a vegetable oil tagming oleic acid or other
monounsaturated fatty acids. The vegetable oilst tkantain mostly

polyunsaturated fatty acids exhibit poor oxidasvability.

Example of the naturally occurring adisd their respective applications

are summarized in Table 2.5.

Table 2.5 Applications of various vegetable oils

Selected Applications for Various Vegetable Oils
. Hydraulic oils, tractor transmission fluids, metarking fluids, food grade
Canola Oil ] . )
lubes, penetrating oils, chain bar lubes
Castor oll Gear lubricants, greases
Coconut oil Gas engine oils
Olive oll Automotive lubricants
Palm oil Rolling lubricant — steel industry, grease
Chain saw bar lubricants
Rapeseed oll Air compressor — farm equipment
Biodegradable greases
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Hydraulic fluid, fuel, soap

Safflower ol Light- colored paints, diesel fuedsins, enamels

Linseed oil Coatings, paints, lacquers, varnisb&sns

Lubricants, biodiesel fuel, metal casting/working
Soybean oil Printing inks, paints, coatings,

Soap, shampoos, detergents, pesticides, disintscfaasticizers

Jojoba oil Grease, cosmetic industry, lubricantiapfions

Crambe oil Grease, intermediate chemicals, surfiésta

Sunflower oll Grease, diesel fuel substitute

Cuphea oll Cosmetics and motor oil

Tallow oil Used in steam cylinder oils, soap, coso lubricants, plastics

Rates of vegetable oxidation are directly relatedhe type and amount of
unsaturation present in the fatty acids of the tadge oil. The relative rates of
oxidation of oleic acid, linoleic acid, and linolenacids are 1,10 and 100,
respectively.

Vegetable oils, in general, are less volatile tlsawviscous mineral oils and
synthetics. Using thermogravimetric analysis, Raklias measured volatility in
the absence of oxygen so that no oxidation affgsphysical volatilization of
oils and has compared the volatility of hydrocart@se fluids with vegetable
oils and other esters (Rudnick, 2006).

The variety of chemical structures used to imprtive properties and
performance of lubricants is immense. The objective designing fully
formulated oils with biodegradable base fluidsasemploy additive chemistries
that are both compatible with the lubricants ane @#remselves nontoxic and
biodegradable. Too often, the fate of additive congmts in the environment is
ignored and additive choices are based on pasbrpehce with mineral oil or
synthetic formulations. Formulations using vegetatils should be composed to
the extent possible with the least toxicity, redoipdegradability, and best
performance for the application.

The tribological behavior of phosphate esters additthat contain the

benzotriazole group in rapeseed oil blends has lmerstigated. The studies
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included the evaluation of friction and wear usfagr-ball testing. The result of
these studies showed that the phosphate estergggaddoad-carrying capacity.
Wear scar diameters of blends containing the aaditivere smaller than when
the additives were not used. Wear scars were showre dependent on the

additive concentration, as expected.

Rapeseed oil was also investigated as a baseitfldige combination with a
series of phosphate esters, similar to an eadigort on dialkyldithiophosphate
esters, only without the sulfur functionality. Tkestudies showed that phosphate
esters also possess good load-carrying capacity amivear performance
(Rudnick, 2006).

2.6 Neutral Phosphates Esters

Since the discovery of their excellent antiwear iredresistance properties
in the 1940s, the use of phosphate esters by tirecéunts industry has steadily
increased. As a result of many years of researdhpeactical experience, industry
has learnt to manufacture and formulate these tiersegnemicals to satisfy a
wide variety of demanding applications. Althougte thasic composition of
products currently in commercial use has remaimathanged for over 30 years,
new applications continue to be found and the prtsdare, today, regarded as
cost-effective lubricant additives and safe, nomandous, hydraulic fluids and

lubricants.

Phosphate esters are the most fire resistant ohdmeagueous synthetic
basestocks in common use. Their high ignition tewatpees, good oxidation
stability, and very low vapor pressures make thefficdlt to burn while their
low heats of combustion result in self-extinguighittuids. Over 60 yr of use
have shown them to be excellent lubricating adegiand fluids with early
shortcomings, for example, hydrolytic instabilitgdaneurotoxicity overcome by

optimizing manufacturing techniques, raw materiafgj stabilizer systems.
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3. EXPERIMENTAL

3.1 Materials Studied

In the first part of the study, five different faticid esters were analysed:

* Methyl Oleate (MEO)

e 2 Ethyl Hexyl Oleate (EHO)

» Trimethylolpropantrioleate (TMP-TO)
* Rapeseed Oil (RS)

e Soybean Oil (SB)

The esters were chosen according to their appdicati lubricant area (by
literature survey), availability easiness in lo€artkey market and cost. The esters
were obtained from commercial producers: MEO andPTMD were obtained
from Sorel Kimya [stanbul), EHO was from Cognis (Germany); RS andv@Be
obrained from Orkide Y@ (izmir). All the esters were used as received without
any further modification. A commercially availabhineral oil (obtained from

Tlpras Refinery) was also used for comparison in theystud

After analyzing the fatty acid esters in terms diygcal, chemical and
lubricity properties, the best candidates for arhytic oil formulation were
selected. In the second part; the esters were insachydraulic oil formulation.
Hydraulic oil blends were prepared in the labonatdihe alternative hydraulic oil
blends were evaluated according to rheological,miba&l and tribological
properties. The hydraulic oil samples were blensiedhat they were in ISO VG
32 viscosity grade band according to ASTM D 242ah(€ 3.1). With respect to
ASTM D 2422; ISO VG 32, viscosity 40°C of hydiiawil may vary from 28,8
cSt to 35,2 cSt. To balance the viscosity Tghight Neutral and TlpgaSpindle
Oil were used in hydraulic oil blends. The viscpsind other parameters of the
mineral base oils from TUpraRefinery are tabulated in Table 3.2. Again a
hydraulic oil sample was blended with mineral ail order to compare the
performance of the ester containing blends.

In the second part of the study, for the hydraolicblend a commercial
hydraulic oil additive package was used. Antiwead antioxidant Lubrizol
additive package, LZ 5703 was used hydraulic tehdls for 0,85 % in the
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formulation. Also, in order to enhance the coldulproperty of the hydrulic oils,
pour point depressant was used as an additive.FRoat Depressant was used for
0,1 % in the formulation and it was obtained fronohRiax/Degussa. Its
commercial name is Viscoplex 1254. The additiveaisiscous concentrate of
polyalkyl methacrylate in a solvent refined neutdland helps to decrease the
pour point of the industrial fluid.

Table 3.1Viscosity system for industrial fluid lubricants

) ) ) o _ Kinematic Viscosity Limits ¢St (mnt/s)
Viscosity System Mid-point viscosity @40°C
Grade Identification | cSt (mnf/s) @40°C _

min max
ISO VG 10 10 9 11
ISO VG 15 15 13,5 16,5
ISO VG 22 22 19,8 24,2
ISO VG 32 32 28,8 35,2
ISO VG 46 46 41,4 50,6
ISO VG 68 68 61,2 74,8

Table 3.2Tupra Refinery Light Neutral and Spindle Oil properties

Test Test Method Light Neutral Spindle Oil
Colour ASTM D 1500 1 0,5
Density, kg/L ASTM D 4052 0,875 0,874
Viscosity,40°C,cSt ASTM D 445 34,04 16,214
Viscosity,100°C,cSt ASTM D 445 5,572 3.8
Viscosity Index ASTM D 2270 100 100
Pour Point,°C ASTM D 97 -12 -12
Flash Point,°c ASTM D 92 228 180
TAN,mg KOH/gr ASTM D 974 0,03 0,04

In the second part of the study, the hydraulicldénds were studied in
respect of physical properties suchs as; viscogayy point, flash point, foaming,
demulsification, refractive index; chemical propest oxidative stability, Total
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Acid Number (TAN), Carbon Residue, and finallybticity : Four Ball
Antiwear Test.

3.2 Test Methods
3.2.1 Physical tests
3.2.1.1 Viscosity

The viscosity is the fluid resistance to flow aisda measure of the

adhesive/cohesive or frictional fluid property. Thesistance is caused by
intermolecular friction exerted when layers of dsiattempt to slide by one
another. The viscosity of a fluid is an importarmpgerty in the analysis of liquid
behavior and fluid motion near solid boundaries.ndfnatic viscosity is
determined by measuring the time for a volume @fiti to flow under gravity
through a calibrated glass capillary viscometere Tineasurement is done
according to ASTM D 445. Viscosity measurementsengone with automatic

viscometer Herzog HVM 472.

3.2.1.2 Viscosity index

Viscosity Index (VI) is a lubricating oil qualityhdicator; a measure for the
change of kinematic viscosity with temperature. tAmperature increases teh
viscosity of the lubricant decreases. The VI isgetby Society of Automotive
Engineers (SAE). The temperatures are chosen fiererece as 40°C and 100 °C.
The viscosity index is calculated according to ASTM 2270. The higher
viscosity index, the better lubricating oil is exped.

3.2.1.3 Refractive index

The test method is used for determination of otiva index of transparent
and light-colored hydrocarbons in the range of @®B& 1,5000 at temperatures
from 20 to 30. The test method for refractive indegasurement is ASTM D
2887.

3.2.1.4 Pour point
The pour point of lubricating oil is the lowest teenature at which it will

flow. It gives an idea about the lowest pumpabiegerature of the oil. The test is
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done according to ASTM 97. The test equipment @dexbinside a cooling bath to
allow the formation of wax crystals. At aboliC9above the expected pour point,
and for every subsequentC3 the test jar is tilted to check for movement.ah
the specimen does not flow when tilted, the jarakl horizontally for 5 seconds.
If it does not flow, 8C is added to the corresponding temperature anceghst is
reported as pour point temperature.

3.2.1.5. Foaming tendency determination

The tendency of oils to foam can be a serious probih systems such as
high-speed gearing, high-volume pumping, and splabhication. Inadequate
lubrication, cavitation, and overflow loss of lutant can lead to mechanical
failure if there is a foam problem in the systerhisTtest method is used in the
evaluation of oils for such operating conditionheTtest method covers the
determination of the foaming characteristics ofricdting oils at 24°C and
93.5°C. Foaming tendency is determined accordirgSoM 892.

3.2.1.6. Demulsification (Water removal property)

Demulsification test of oils provides a guide foetermining the water
separation characteristics of oils subject to watetamination and turbulence. It
is generaly used for specification of new oils andnitoring of in-service oils.
This test method covers measurement of the alofifyetroleum oils or synthetic
fluids to separate from water. It is mainly deveadgspecifically for steam-turbine
oils having viscosities of 28.8-90 mi® at 40°C, but there is a wide application
range now. It is recommended that the test temerathould be raised to 82 +
1°C when testing products more viscous than 9G/mat 40°C. The test method
is ASTM D 1401.

3.2.2 Chemical tests
3.2.2.1 Total acid number (TAN)

TAN is the measure of acid concentration in a naeags solution. It is

determined by the amount of potassium hydroxide HiKbase required to
neutralize the acid in one gram of an oil samplee $tandard unit of measure is
mg KOH/g. The AN measurement detects both weaknicgacids and strong

inorganic acids. A change in the acid concentratban oil can originate from
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multiple sources. Acidic contaminants, wrong olkadine-reserve depletion and
oxidation by-products can cause an increase in@mdentration. ASTM D974 is
the measure of acidic constituents using a colangh to indicate the inflection.
The sample is dissolved into a solution of toluepenaphtholbenzne, and
isopropyl alcohol containing water. The solutiontiteated with KOH while the
color is monitored. This test is used on new oild ails that are not excessively
dark.

3.2.2.2 Oxidation test
Oxidation test indicates the tendency of lubricgtmil deterioration after

oxidation conditions. The test is performed acauggdio IP 48 test norms. 40
grams sample of oil is put under oxidation condisidor two times (each is 6
hours) and 15 liters/hour of air is fed into thenpée and the sample is set on
200°C oil bath. Finally the viscosity, TAN and ocambresidue change are

compared.

Oxidation Test was conducted by oxidizing 40 ml pEnput in a glass tube.
Model 16600-008 Seta high temperature bath was weech is aluminum alloy
block heater thermostatically controlled to maintail at 200 °G: 0.5. The tubes
were inserted into holes on the top of the batkulktion around the tubes using
o-rings was provided to avoid any heat leakageedir which was passed
through cotton wool filter and pressure stabilineas used. Air flow rate was
15.00 £0.25 I/h which was calibrated before the test. Tlwv rate was
periodically checked during the test. Oxidationesiwere chemically cleaned and
dried in a heater for 3 hours. Before the test atkiosh tube with an oil sample in it
was weighed. After 6 hours of oxidizing period, tibe was removed from the
metallic bath and kept at room condition for 124@&urs. In the end of this
cooling period, the test was repeated for 6 ho@irsxalation, afterwards it was
left to cool down to room temperature. Kinematisoasity at 40 °C and total acid
number (TAN), and Ramsbottom carbon residue weteraned on unoxidized
oil sample. After oxidation same parameters weterdgned and deviation from

the first sample was noted.
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Viscosity ratio of the samples was ghited as;

Vr :V_2
V1

Where V4 refers to viscosity of oxidized oil and;\fefers to viscosity of

unoxidized oil.

Carbon residue increase was calculased
Cr=G-C;
where €is indicating ramsbottom carbon residue of oxidinéd and G is

ramsbottom carbon residue of unoxidized oil.

TAN increase was calculated as;

TAN Increase = TANTAN,

where TARM refers to TAN of oxidized oil and TANrefers to TAN of
unoxidized oil. After the tests; increase in rantgiya carbon residue, viscosity

and total acid number were evaluated.

3.2.2.3 Oxidation Stability comparison by rancimatest

The oxidation stability index is being used to det@e the oxidation
stability of fatty acid methyl esters (FAME), alknown as rancimat test method,
was published by CEN under the code EN 14112. TNe 18112 method
expresses the oxidation stability of the testedenmdtin terms of an induction
period (OSI IP) for the production of volatile orgaacids which are by products
of fatty acid ester oxidative degradation with haatl oxygen. The CEN set a
minimum limit of 6 hours for the OSI IP. OSI IP reeobtained in accordance
with the EN 14112 method “Fat and oil derivative§atty Acid Methyl Esters
(FAME) — Determination of oxidation stability (adeeated oxidation test)” using
a Metrohm Rancimat Model 743. In the method, ispecified that the samples
were heated to 110°C with an air flow of 10 L/hff€ent than the method, in the
study Rancimat test is performed by heating up3@®, 140, 150 and 160 °C. The

induction time of the esters are reported.
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3.2.2.4 Ramsbottom carbon residue

Ramsbottom Carbon residue test is the determinatfothe amount of
carbon residue left after evaporation and pyrolydisan oil. It is intended to

provide some indication of relative coke-formingopensity. The test is
performed according to ASTM D 524.

3.2.2.5 Fourier transform infrared (FTIR)

This method covers the use of FTIR in monitoringdurct organic structure.
After reference oil data was input comparison canntade if there is additive
depletion, contaminant build up and oxidation ddgten in oils. Contaminants
monitored generally include water, soot, ethylerlgcal, fuels. Oxidation,
nitration and sulfonation of base stocks are moattcas evidence of oxidation.
The test method is ASTM E 2412.
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4. RESULTS and DISCUSSION

The performance of hydraulic pumps and motors isrisacal factor in
overall hydraulic system reliability. There are twaements of hydraulic
efficiency;  volumetric  efficiency and hydromechaalic efficiency.
Hydromechanical efficiency relates to the frictibmasses within a hydraulic
component and the amount of energy required gengrétid flow. Volumetric
efficiency relates to the flow losses within a rgulic component and the degree
to which internal leakage occurs. Both of theseertes are highly dependent on
viscosity and wear protection of the hydraulic dih order to obtain the
convenient hydraulic oil formulation for volumetriand hydromechanical
efficiency; mentioned tests in experimental pastehbeen done sequentially. The
results are discussed in this part of the study.

4.1 Fatty Acid Ester Evaluation (Rancimat)
In the first part of the study 5 different fattyidh@esters are analyzed both
physically and oxidative aspect. Initially natuesters rapeseed oil and soybean

oil fatty acid composition is tabulated in Tablé& 4.

Oxidation stability of triglyceride-based vegetabiés is mainly limited by
the degree of unsaturated double bonds. Unsaturededon-carbon bonds
function as active sites for many reactions, iniclgdoxidation. Soybean oil
linoleic acid content is approximately two timeglner than rapeseed oil. The
rapeseed oil oleic acid content is twice of thebs&ay oil. As a result, it is
expected to observe more tendencies to oxide iesoy oil due to the high
number of unsaturated bonds. In the rancimat O$3E based on the molecular

structure of soybean oil, it is expected to haverpooxidation stability.
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Table 4.1Fatty acid composition of rapeseed oil and soylmglan

Fatty acid composition (%) Rapeseed Oil Soybean Oil
Lauric Acid G 0 0
Myristic acid G4.0 0,06 0,08
Palmitic acid Gs:o 5,14 10,09
Palmitoleic acid G:1 0,25 0,11
Heptadecanoic acid & 0,05 0,08
Heptadecenoic acidi&; 0,06 0,06
Stearic acid &:o 2,03 4,38
Oleic acid Gg:1 58,07 25,86
Linoleic acid Gs:» 25,41 51,36
Linolenic acid Gs:3 6,55 6,59
Arachidic acid Go.o 0,42 0,49
Gadoleic acid @1 1,13 0,33
Czo:2 0 0
Ca20 0,33 0,41
Erucic acid Gz:1 0,32 0
Caz2 0 0
Lignoseric acid Gu.o 0,13 0,14
Nervonic acid Ga:1 0 0

Table 4.2Rancimat test induction time results of fatty aestlers

130°C induction | 140°C induction | 150°C induction | 160°C induction
time (hours) time (hours) time (hours) time (hours)
Rapeseed oll 10,06 4,58 2,09 1,02
Soybean oil 7,53 3,53 1,94 0,82
TMP TO 58,4 20,15 8,31 3,57
EHO 43,5 18,3 7,41 3,46
MEO 8,95 3,39 1,72 0,78
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The OSI IP; rancimat test is applied for the estergvaluate the oxidation
stability. All esters have been tested with 0,57a phenolic antioxidant. Results
are reported in Table 4.2 comparatively includihg increasing temperatures of

test conditions.

Rancimat OSI Induction Time Graph

60

50

40

B Soybean oil
B MEO
O Rapeseed oll

OEHO
TMP TO
10 EHO o TMP TO

Rapeseed oil
0 MEO Esters
130°C Soybean oil

Induction Time (hr) 30

20

140°C
150°C 1600

Induction Temperature

Figure 4.1 0SI Induction time of FA esters

Rancimat test method gives a realistic idea relatgd the oxidation life
time of the fatty acid esters. Different than thé&l H4112 method, the
temperatures were increased in order to see tlierpamce of the esters at high
temperatures. It is really remarkable that TMP Td &HO induction time were
approximately four times higher than natural estard methyl oleate. TMP TO
and EHO are good candidates for hydraulic oil fdatians.

4.2 Oxidation Stability Test (IP 48 Method)

Fatty acid esters were investigated according @8 Rest method. IP 48 is a
conventional widely used life time estimation tést hydraulic oils. In order to
determine whether the ester could be used as antediem in the formulation or
only as an additive; IP 48 test method indicatéiable results. To compare the
ester performance, Tugr&efinery mineral oil; light neutral was also arzdg. It
would also will be helpful in order to evaluate tthvehether esters could be a
candidate of base oil in hydraulic fluids. Thadative stability of light neutral

will be an indicative sample for the esters. Thenggal features; visual
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appearance, viscosity, viscosity index and TotalidAdlumber (TAN) are
tabulated in Table 4.3.

Table 4.3Ester Viscosity and TAN comparison table

Rapeseed| Soybean| TMP EHO | MEO | Light

Oil o]] TO Neutral
Visual Appearence Clear Clear Clear| Cleat Clear Clear
Viscosity 40°C, ¢St | cSt 36,54 32,04 44,99 8,23 4,96 34,04
Viscosity 100°C, ¢St | cSt 8,33 7,77 9,20 2,68 1,89 5,577
Viscosity Index 215 227 193 189 0 100
Total Acid Number mg KOH/g 0,45 0,78 1,00 1,23 1,12 0,03
;Ztm;:::igon ol | mL-mL-mL 15-0-65 38-30-12 | 42-38-0  40-40-D  40-40{0  40-40{0

Rapeseed oil, soybean oil and light neutral areaq@mately in the same
viscosity level at 40°C. The viscosity decreasefieniemperature increases and
100 °C viscosity is important because viscosityes calculated based on these
values. A high viscosity index indicates small weilscosity changes with
temperature and will undergo very little changeviscosity with temperature
extremes. Esters are outstanding in terms of gigcondex when compared with

mineral oil, light neutral.

Hydraulic oil oxidation is analyzed with various tineds like Turbine Oil
Oxidation Test (TOST) , Rotary Bomb Oxidation T€®BOT) and IP 48
Oxidation Test. In the study, oxidation stability the esters was evaluated
according to IP 48 Oxidation Test. IP 48 oxidattest is done under 200°C for
(6+6) 12 hours in two parts. In order to evaluate ésters between each other, IP
48 test method was modified and the esters werdized for 2,4,6,8, and 10
hours separately. The viscosity increase and TAlksse was observed for every

two hours for each ester. The test results ardasduliin Table 4.4.
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Table 4.40xidation Stability Comparison of Esters

Rapeseed Soybean TMP
Hours . ) EHO MEO
(o] ol TO
2 0,27 0,15 0,47 1,22 1,22
) 4 0,72 0,30 0,79 2,65 2,27
Evaporation
6 1,06 0,72 0,85 2,89 2,72
Loss (Yow/w)
8 1,52 1,15 1,41 4,21 4,07
10 2,01 2,33 1,77 6,62 4,56
Viscosity 0 36,54 32,04 44,99 8,23 4,96
Increase (cSt) 2 47,60 53,30 52,10 10,43 6,23
4 63,37 97,46 60,65 12,51 7,87
6 94,20 172,14 73,35 14,01 10,51
8 121,83 382,42 93,83 16,08 12,38
10 144,13 677,43 104,67 21,70 13,87,
Viscosity
VoIV, 3,9 211 2,3 2,6 2,8
Change

Evaporation Loss vs Time

Evapnraliun Loss {“w)

0 |
mRapesesd Oil i 027 072 108 152 2,01
O Soyhean Oil 0 015 03 072 1,158 g ||
mTHP TO i 047 0,79 085 1.4 177
TEHD i 122 265 289 421 o
mMED 0 122 277 272 407 :

Oxidation Time (hr)

Figure 4.2Evaporation Loss of Esters in different time range

During the oxidation of vegetable oils polyunsatedafatty acids in the
triglyceride breakdown as a first step and prodteegreatest amount of volatiles.

Monounsaturated fatty acids in the triglycerideatapose at a much slower rate
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and release minimal levels of volatile compoundsemvicompared to their
polyunsaturated counterparts. As figured in Figug& TMP TO has the minimum
evaporation loss. It is mainly based on the visgasfithe ester but also the higher
unsaturated bonds the higher evaporation losseofubricant. High evaporation
loss causes high lubricant loss in the tank, assaltrthe consumption would be
high in the hydraulic tank which is an undesirdhaletor in a lubricant.

The ester autoxidation includes a complex seriagattions. The physical
and chemical changes that occur within the oil ryroxidation affect the
lubricant performance. In the final stages of tkelation process high molecular
weight compounds are produced (cyclisation andrpetjzation reactions). High
molecular weight compounds are insoluble and theyeiase the viscosity of the
lubricant. During oxidation reactions also varnishudge and deposit formation

can be observed.

The higher viscosity increase indicates the highidadation compounds.
Soybean oil has the highest viscosity increase egseifMP TO, EHO and MO
have comparatively small viscosity increase (Fighi) . Stachowiak mentioned
that polymerization is generally classified as awback of lubricants during
oxidation. Also higher operation temperatures amteredled oxidation led to
polymerization. Therefore the viscosity changerafbedation test should be as

minimum as possible.

' Viscosity Increase of Esters

700 —

600

500+

400+ pu
Viscosity 40C {cSt)
300

200+

100 D |[=I| I l I l

u] 2 4 [ =] 10
W Rapeseed Oil 36,54 47,6 63,37 4.2 121,83 144,13
0O Soybean Oil 32,04 23,3 97 .46 172,14 38242 677,43
m| TP TO 44,99 221 60,65 73,35 93,83 104,67
@ EHD 5,23 1043 12,81 14,01 16,08 21,7
m MED 4 .98 5,23 787 10,591 12,38 13.87

oxidation Time (his)

Figure 4.3 Viscosity change of esters under 200°C (Visco#d8C vs time)
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Free fatty acids appear during the degradationrsesteatty acids are
primarily coming out from the triglyceride bp hydrogen elimination and
hydrolysis. In triglycerides, there is a lone hygiza on the ¥ or B, carbon. If the
B hydrogen removed, the middle carbon —oxygen bawbmes weak and a free
fatty acid forms (Stachowiak, 2007). TAN also adication of the free fatty acids
in the system. TAN increase in the oxidation reacis tabulated in Table 4.5 for

every two hours. The data is also shown in Figude 4

Table 4.5TAN change of the esters during time

Rapeseed Soybean TMP

Hours o oil 10 EHO MEO
TAN 0 0,45 0,78 1,00 1,23 1,12
(mg KOH/qg) 2 1,58 1,04 1,35 3,59 2,09
4 1,67 1,61 1,89 6,22 3,89
6 2,22 2,10 2,69 9,72 6,14
8 3,65 3,12 3,34 10,86 6,71
10 4,47 491 2,42 12,84 9,06
TAN increase  TAN,-TAN; 4,02 4,13 1,42 10,44 8,09

TAN of Esters during Oxidation

14

124

10 4 .I

8_

TAN Value (mg
KOH/
aj i

14

2 -

D_

0 2 4 5 g 10
B Rapeseed Oil 0,45 158 167 22 3FA 4 47
O Soybean Ol 078 1,04 151 21 312 4 81
BTMPTO 1 1,35 189 289 334 242
0 EHO 123 Gi5g B 22 972 10 56 12 54
B MED 112 209 389 614 6,71 9 06
Oxidation Time (hr)

Figure 4.4TAN increase of esters under 200°C
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It is dedicated that higher free fatty acid andeottelevant products are released
after the oxidation of EHO and MEO than the othsterss. TMP TO has the least
increase in TAN. Rapeseed oil and Soybean oil Fgy@oximately the same
number of TAN increase; around 4 mg KOH/g. Considethe rancimat and IP
48 modified oxidation test results; TMP to is thesbfatty acid ester candidate in

order to use in a hydraulic oil formulation. Therguarative figures are shown in
Figure 4.5.

Comparative Results Graph

O Rapeseed Oil
OTMP TO

B MEO

OEHO

B Soybean Oil

vaporation Loss (%w/w)

TAN increase TAN2-TAN1

TMP TO
MEO
EHO
Soybean Oil

Rapeseed Oil

Figure 4.5 Comparative Results Graph of Esters

4.3 Ester Evaluation in Hydraulic Oil Formulation

In the previous part of the study five commerciadlyailable esters were
evaluated in terms of oxidation and flow properti€he fatty acid esters were
chosen so that they can be widely found in locaké&y market. The aim of the
study is to formulate hydraulic oil including fatigid ester inside.

A standard hydraulic oil should include antioxidanist inhibitor, metal
deactivator, antiwear additive, demulsifiers anoanh inhibitor additives in the
formulation so that should serve properly in th@daylic pumps. Without the
above mentioned additives, hydraulic oil could et consistent performance,
appropriate viscosity, hydrolytic stability, gooitdrability and compressibility.
In the formulation blend of hydraulic oil, a hydhauwoil package is use. A global
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lubricant additive company Lubrizol has a hydradlitid package (LZ 5703)
which has all the above indicated additives sepbranside. The recommended
treat rate of the additive is 0,85 %, so it wasdusethat percentage. Tugraght
neutral pour point is -12°C, therefore it was regglito use pour point depressant
additive to have a proper low temperature flowtyratid esters have also poor
low temperature flow property so it was also neags$or the formulations that
are ester containing. Viscoplex 1254 of Rohmax Beguwas used with 0,1%

treat rate.

In the previous study, it was concluded that TMP Si@wed the most
outstanding stability in terms of oxidation tedf. we think among the natural
fatty acid esters only, RO test results were beiizn SO. In the initial part of the
ester containing hydraulic oil formulation studgpeseed oil and TMP TO were
used at different percentages in a standard hydraulformulation. The final
hydraulic oil blends were evaluated in terms offaydic performance tests, i.e.;

viscosity, TAN, oxidation (IP 48), carbon residaatiwear.

4.3.1 Hydraulic Oil Blend Study with RO and TMP TO

Proper hydraulic oil should meet the specificatiarisDIN 51524. The
standard requirements are tabulated in Table &@ndard hydraulic oil should
include antioxidant, rust inhibitor, metal deactora antiwear, demulsifiers and

foam inhibitor additives in the formulation.

In order to satisfy the requirements of the DIN B4 5tandard, a hydraulic
oil system package additive should be used. Aallatbricant additive company
Lubrizol hydraulic fluid package (LZ 5703) has #ik above indicated additives

separately inside. The recommended treat rateecddhitive is 0,85 %.

It is also required to use pour point depressdditi@e to have a proper low
temperature flow. Fatty acid esters have also pme@rtemperature flow property
so it was also necessary for the formulations #énatester containing. Viscoplex
1254 of Rohmax Degussa was used with 0,1% treat rat
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Table 4.6DIN 51524 Norm for ISO VG 32 Hydraulic Oil.

Hydraulic Oil Type Requireme | Test method
nts

Designation as in DIN 51502 HL 32

ISO Viscosity Grade as in DIN 51519 ISO VG 32

Kinematic Viscosity, in ¢St at 40°C Max 35,2 ASTM4B5
Min 28,8 ASTM D 445

Kinematic Viscosity, in cSt at 100°C| Min 5 ASTM 35%

Pour point, equal to or lower than °C -18 ASTMD 9

Flash point higher than °C 175 ASTM D 9

Demulsification capacity , in minutes max 30 ASTM D

at 54°C 1401

Rust preventing characteristics on Pass ASTM D 664

steel, Procedure A A

Corrosiveness to copper 3h at max 2 ASTM D 150

100°C,corrosion class

Foaming characteristics, in mL at 24%Gax 150/0 ASTM D 897

NJ

Rapeseed oil and TMP TO were used 2.5, 5 and 10 &standard hydraulic oil
formulation respectively. Since TMP TO oxidatiorrfpemance was the best, the

concentration of the TMP TO was increased also0tar®d 30 % with additional

blends. The blends are shown in Table 4.7 for éachulation study.

Table 4.7Hydraulic oil blends composition

% 1 2 3 4 5 6 7 8 9
RO 2,50 5,00 10,0d
TMP TO 2,50 5,00 10,00 20,00  30,0p
Light neutral | 99,05| 96,55 94,05 79,0p 96,55 89,05 79,05 64,05 0549,
Spindle oil 10,00 5,00 10,00 15,00 20,00
LZ 5703 0,85 0,85 0,85 0,85 0,85 0,85 0,85 0,85 0,$5
Visco. 1254 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10

The hydraulic oil viscosity grade was set to ISO 98 as a result to have

the viscosity 32 ¢St at 40°C, Tupras Light neusiradl TUpra Spindle Oil were

used to adjust the liscosity limit in the blendipfa light neutral viscosity at
40°C as 32 cSt and spindle oil viscosity at 48°Cai cSt.
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Table 4.8Chemical test results of Hydraulic oil blends

1 2 3 4 5 6 7 8 9
Visual C&B* | C&B C&B C&B | C&B C&B C&B C&B Cé&B
Viscosity 40°C | 31,37 | 31,22 32,13 31,1232,69 31,58 30,85 32,29 30,50
Viscosity

5,34 5839 555 559 553 548 5,51 5,73 5,85
100°C
Viscosity

103 107 110 118 105 109 116 119 130
Index
TAN 0,74 087 054 059 055 0,65 0,63 1,07 0,63
Pour
Point(°C) -48 -32 -29 -32 -27 -27 -30 -32 -30

*C&B : Clear and Bright

In Table 4.8 the general chemical test resultsaelated for each hydraulic
oil blend. First of all the viscosities are in trenge of DIN 51524 standard for

hydraulic oil.

The viscosity index (VI) of an oil is a number thatlicates the effect of
temperature changes on the viscosity. Low VI isign of a relatively large
change of viscosity with changes of temperaturke oil becomes extremely
thin at high temperatures and extremely thick at temperatures. Contrary, a
high VI signifies relatively little change iviscosity over a wide
temperature range. In example, an oil havinghigh VI resists excessive
thickening when the hydraulic pump is cold and, ssmuently, helps rapid
starting and good circulation; it resists exoesshinning when the pump motor
is hot and therefore provides full lubrication ampdevents excessive oll

consumption.

The initial Blend 1; is composed of only mineralsbaoil (Tupra Light
Neutral).Viscosity Index of the blend with mineallis 103, but if ester is added
into the blend, even the concentration of the astésw (Blend 2 and Blend 5)
the viscosity index increases. For 2,5 % ester tmadiinto hydraulic ol

formulation, viscosity index increases to 107 WRI® and 109 with TMP TO
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respectively. When RO and TMP TO are comparedctimribution of TMP TO
in order to increase the viscosity index is aditilt lower than RO.

Lubricating power varies with temperature clemg therefore, the
climatic and working conditions are very img@ort in determination of the
lubricating qualities of a liquid. In order bave a good lubrication power, the
viscosity index should be higher and esters helpigher viscosity index for the

hydraulic oil blends.

Oil gets thickener when the temperature falls. Atestain temperature it
does no longer flow by its own weight. That tempan@ is named as the pour
point. The pour point depends on the viscosity @memical structure of the oil. In
paraffinic base oils, stiffening is caused by thexwn the oil, which is
distinguished as crystal structure inside. The ntbeeoil cools down the bigger

the crystals grow, eventually forming a flow-pretieg structure within the oil.

Naphthenic oils have less or no wax, and they rerflaid in lower temperatures
than paraffinic oils. The oil eventually becomestlizk that it no longer flows
with its own weight. Fully synthetic oils do not itain wax and their cold
properties are excellent. Low temperature studies show that most of the
vegetable oil and esters undergo cloudiness, ptatgn, poor flow and
solidification at -10°C upon long-term exposurettd temperature (Erhan at. al,
2006).

Paour Point Change

20 4

30 4

Pour Point, C

a0 4

50

B0

Rapeseed % in Hydraulic Oil

Figure 4.6 Pour Point values of the hydraulic oil blends witbreasing RO
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In the hydraulic oil blend study, the pour pointlecreased by adding 0,1 %
pour point depressant additive. The additive pressethe growth and
interconnection of wax crystals. The pour pointhe ester containing hydraulic
oil blends are approximately 18 °C higher than maheil blend. The pour point
values for RO including blends are shown in Figl@ As a result, if ester is
included in the hydraulic oil blend, the pour poaftthe blend is higher when
compared to a pure mineral oil blend. In orderdach the same degree of pour
point, the pour point depressant additive ratiohhige increased to 0,2 % or 0,3
%. The increase of the pour point depressant aeditould make the cost of the
blend a little bit higher.

Table 4.9Demulsification, Foam Tendencies, Rust Preventingr@cteristics and
Copper Corrosion test results of Mineral Oil EsBlends in Hydraulic Oil

Formulation
Demulsification Foaming Rust Corrosiveness to
capacity , in minutes| characteristics, in | preventing | copper 3h at
at 54°C* mL at 24°C characterist| 100°C,corrosion
ics on steel
DIN 51524 30 minutes max 150/0 Pass 2
requirement
1 41-39-0 (30) 10/0 Pass la
2 43-37-0 (30) 10/0 Pass la
3 40-40-0 (30) 10/0 Pass la
4 42-38-0 (30) 30/0 Pass la
5 41-39-0 (30) 20/0 Pass la
6 42-38-0 (30) 20/0 Pass la
7 41-39-0 (30) 50/0 Pass la
8 41-39-0 (30) 40/0 Pass la
9 41-39-0 (30) 10/0 Pass la

*oil-water-emulsion (mL)

Demulsification is defined as the property requifed an oil to separate
from water after it has been emulsified under dpEtconditions As temperature
increases in hydraulic oil tanks, the oil conderesss water droplets tend to form
emulsion with the oil. A good lubricant should &jevater inside, and the water
should be collected from the bottom of the hydatdink.
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Demulsification property of a lubricant is detectegl ASTM D 1401. The
allowable limit of the test method is that the lghnt should separate the water
inside in maximum 30 minutes and the maximum allde@mulsion volume is 3
mL. According to the ester blends, the ester ¢nimg blends have a tendency
not to form emulsion, but they tend to get the wateside. So after the
Demulsification test, some extend of water volunesginto oil. This is a
disadvantage of ester containing blends. Also tieeral oil blend 1 is a not a
good candidate for hydraulic oil demulsification.indral based hydraulic oll
demulsification result shows that oil absorbs 1wdter inside so that oil volume
has been decreased from 40 to 39 mL. There is mbs@n phase formation after
30 minutes. Same as the mineral oil based hydraillislend, RO and TMP TO
including blends tend to absorb water to some ekté&ithough there is no
emulsion phase observed. As a result, if ester usetthe formulation, water
resistivity of the hydraulic oil decreases to soexéend. If water is absorbed by

the ester, in the long run corrosion problems maguoin the hydraulic system.

In a hydraulic oil tank, excessive foam enhancesdkidation of the oil.
Since the new hydraulic tanks are smaller desigHgdraulic oils have less time
to release air. As a result, new lubricants haveetease air in a little time
otherwise they will foam excessively. Accordingthe results tabulated in Table
4.9, if fatty acid ester were added in the formulatibe foaming tendency of the
lubricant increase. With respect to ASTM D 892 faagntendency test, the
maximum allowable foaming limit is 50/0 mL, so tester containing blends are

still in allowable limits.

Rust and Corrosion Prevention Characteristics eftlends are in the DIN
51524:2006 limits so that there is no corrosiorn/risk.

One of the essential functions of a hydraulic flisido provide a lubricating
film that reduces wear on moving pump parts. Feffiectiveness depends upon a
balance between viscosity, sliding speeds and Jaau fluid stability within a
hydraulic pump. As temperatures increase and thethins, the lubricant film

ruptures, allowing metal-to-metal contact, wearhmtthe pump and additional
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fluid heating. At the same time, high temperatucesmpromise volumetric
efficiency as the result of low-viscosity fluid bagsing critical pump clearances.
Thus, inadequate wear protection creates a deasguatycle of rising

temperatures, accelerated wear and increasedahteakage.

Antiwear (AW) properties of the ester containingerids are tested
according to ASTM D 4172. At 1200 rpm for 60 miesitthe oil is set to 75°C
and 3 balls are left in stable position. The 4tH isaset on top moving at 1200
rpm for 60 minutes figured in Figure 4.7. In theléhe average scar diameter on
the three balls are reported.

Tribological elements
Metal STEEL AISI-E-52 100
l Ball diameter 12,7 mm
Speed, Top ball 205
Load max 400 N
Temperature 75+1 °C
Measured property Wear scar diameter, mm

Figure 4.7 Four Ball ASTM D 4172 specifications

In Table 4.10 the results of the wear diametertalpellated. It is obviously
seen that RO helps to decrease scar diameter Iitst@scentration increases the
AW property of the hydraulic oil decreases. So li@st concentration for RO
including hydraulic oil is 2,5 %. Whereas, TMP T@shvery good results in terms
of AW when compared with mineral oil blend 1. Ag ttoncentration of TMP TO
increases the scar diameter decreases. A sampie ofear test is added in the
Appendix part for Blend 2. It is very indicativeathTMO TO is a very good AW
additive in a hydraulic oil which enhances the ukkfie time of the hydraulic oil.
Two samples for ASTM D 4172 wear scar diameter @hatre shown in Figure
4.8.

Table 4.10 Wear Diameter of the ester containing hydrauliblends

1 2 3 4 5 6 7 8 9

Scar Diameter

(Lm)

2012 913 967 1040 815 797 706 620 5514




44

ETSRTT e e} L ruL

|| LAF UL ImAuE

File Name - ndiity ___i“'r'd"” Calibrate e e ___..JW'*" Caltioe
Sc,unmagc Line Color

_Irna.w

I' | SEalma Image.
i :

al o
Elfipsefum]
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Wear Scar Diameter Measurement (ASTM D 4172)
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Figure 4.9 Wear Scar Diameter measurement for RO and TMP TO gstecentages in
hydraulic oil blends

The four ball wear test is an indicative tribolaggt used in lubricants. The
better wear property the less scar diameter isreédelt has a wide usage and
acceptance in lubricating oil design and gives iseeresults According to Figure
4.9 1t is obviously dedicated taht in the same @etage, TMP TO antiwear
performance is better than the contribution of Rapd Oil. 2,5% RO addition
into the Mineral Base Hydraulic Oil Formulation de@ses the scar diameter
more than 50% when compared with a 100 % minefdabased hydraulic oil
formulation. 30 % TMP TO addition into the Miner8ase Hydraulic Oil

Formulation decreases the scar diameter to Vathitcdlivalue.
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Both RO and TMP TO are known to provide excellefricity due to their
ester functionality. The ester ends of the fattg @hain absorb to metal surfaces.
Then they form a monolayer film. The fatty acid ichaffers a sliding surface that
prevents the direct metal-to-metal contact. Othsewdirect metal contact results
in high temperatures at contact zone of moving spamd causes adhesion,
scuffing or even metal-to-metal welding (B.K. Sharet al, 2008)
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5. CONCLUSION

There are three market segments for biohydrautiedined by type of
equipment and operating temperature. For low sivehigh-loss equipment
operating up to 60 °C, mainly farming equipmengetable oils may be used. For
medium severity, medium-loss applications up to 200 mainly in forestry
operations, synthetic esters with a high contenteokewable raw materials for
example, TMP oleates are used. However, some afiphs, particularly in the
construction industry, require fluids capable oteexled lifetimes at operating
temperatures in excess of 100 °C. Development addgradable fluids with the
necessary high oxidative and thermal stability @sn a major challenge for the
industry. In the study all types of hydraulic flaidncrease in viscosity and
eventually solidify as temperature decreases. @My TO is a candidate to be

used in hydraulic oil formulation in terms of oxician.

In the first part of the thesis study, two vegetablls and three synthetic
esters are evaluated in terms of chemical, physaad mainly oxidative
properties. According to viscosity; EHO and MO hdes viscosity values,
therefore their application as lubricant is vergited. EHO and MO may only be
used as lubricity additives in the lubricant foratidns. TMP TO, RO and SO
have wider application area due to the close vigcoalue to ISO VG 32 and 46
(widest viscosity grade in hydraulics)

Rambsbottomm Carbon Residue test indicates the feom@ation when the
lubricant is oxidized. At the end of the test, theidue of RO and SO are almost
three times higher than MEO, EHO and TMP TO.

With respect to water separation property, RO a@d cduld not be an
outstanding sample because they really form enmlgibase which is a poor
quality indication. MEO and EHO are perfect samplascause they reject the
water as soon as possible. TMP TO also forms ndstomuphase, but since it
absorbs water in the oil phase, it is risky thathiydraulic oil it may cause

corrosion problems.
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In terms of oxidation, due to high TAN and viscgsitcrease in the other
fatty acid esters; the besy candidate to be ushgldraulic oil formulation is TMP
TO. It is the closest ester to be used as basm @il hydraulic oil formulation.
However since not only oxidation test results dab ather chemical test results
are important, TMP TO is better to be used as amm@anponent in a hydraulic oil

formulation, not as a base medium.

In the hydraulic oil blend study, because of thelespread usage in local

market and convenient price, RO is also tried enhtddraulic oil blend studies.

It has been dedicated that for the optimum weartepton the best
concentration of RO in the hydraulic oil formulaties 2,5 %. The rest is mineral
oil and additives. As TMP TO concentration increassdl the tribological
properties of hydraulic oil gets better, but themdeésification gets worse.
Therefore, 30 % TMP TO usage in a hydraulic oilnfatation is the optimum

percentage.

For the above recommended formulations of hydrautd, the
biodegradability of the product is not 100 % bupessally TMP TO including
blend has decreased the environmental impact ofaadard mineral based

hydraulic oil to a considerable extend.

Some of the performance data discussed indicatgsptbper maintenance
and control of the mechanical systems can ensucellert performance and

result in exceptionally long lubricant life.

Natural vegetable oils such as RO can be usedgim lkluty operation
hydraulic oil formulations as a base fluid. The @ien temperature is generally
smaller than 60°C, and there is a low risk of studgposit formation due to
oxidation. These equipments are small basic hyasauked in forestry. They are
also having the biggest attention because theyeamosed directly to the

environment.
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For medium severity, medium-loss applications upl@® °C, mainly in
forestry and construction operations, TMP TO canubed as a base fluid. Its
oxidative stability is rather higher than all tlestier that had been analyzed. Also
it has outstanding wear protection property, whitdkes the lubricant life longer.
During operation, the low water and acid level ddobe traced by a fluid

conditioning for the sae and long life of system.

For high severity applications where the hydraddoks are small, the
operating temperatures are high, TMP TO can notidexl as a base fluid. It
should be mixed with mineral oil. (Blend 2,Blend 9)

This study reveals the comparative oxidative pripeiof widespread esters
in Turkey market. It has been concluded that é&mege operations TMP TO can
be mixed with mineral based hydraulic oil for 30%@ gerform outstanding wear

and temperature viscosity properties.

In the end of the thesis studyydraulic oil formulation has been developed
for severe application of hydraulic systems whishsuitable to DIN 51524
standard. The formulation may be commercially soldhe market. In severe
applications to obtain a 100 % biodegradable foatmh with TMP TO, further

formulation blends might be done by using antioriddo increase the fluid life.

Although TMP TO is an ester, the alcohol part ia #tructure comes from
petroleum products. In order to formulate a 100e&¥ewable product, used oil
samples from food industry might be analyzed basedhe type of fatty acids.
And a combination of the fatty acid esters can $edun hydraulic oil or a chain

saw oil formulation.

The alternative route is to redesign the molecustiucture more
fundamentally, using saturated acids or chemicallydified vegetable oils to
optimize thermo-oxidative stability and biodegraitigh Also some antioxidants
may be used in the formulation. This approach §icamtly reduces the renewable
raw material content but has lead to developmewndymts, which combine ready

biodegradability with thermo-oxidative stability.
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