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Chapter 1 
Introduction 

 
Preface 
This research has been undertaken as part of a collaborative project with BlueScope 

Steel®, an Australian-based steel company, and Quaker Chemical (Australasia), a 

company which manufactures specialty lubricants, including many of the cold rolling 

oils used by BlueScope Steel®. The primary focus has been to gain an improved 

understanding of relationships between cold rolling oil composition and residue-forming 

characteristics and the occurrence of uncoated defects in 55Al-43.4Zn-1.6Si hot dip 

metallic coatings. The Chapter is divided into three sections, the first of which provides 

a description of the industrial context within which this research has been conducted. 

Overviews of the steel cold rolling and continuous hot dip metallic coating processes 

employed BlueScope Steel® at its Springhill works are provided, together with 

information on the general make-up and properties of cold rolling oils.  

The second section reviews the literature concerning:  

• 55Al-43.4Zn-1.6Si hot dip metallic coatings and uncoated defects;  

• the process of, and key techniques for, studying residue formation in cold rolling oils 

and other lubricating oils and greases, and  

• the thermal decomposition and residue-formation reactions undergone by three key 

classes of rolling oil ingredients, base esters, sulfurised extreme-pressure (EP) 

additives and phosphorus-based lubrication additives.  

In the final section, an overview of the aim and scope of this thesis, together with an 

outline for its structure, are provided. 

 

1.1 Industrial Context 

1.1.1 Significance of Australian Metal Coated Steel Products 
Australia’s steel industry plays a key role in global steel production and the Australian 
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economy. In 2002 Australia produced 7625 kt of steel, accounting for 0.85 % of the 

world’s total steel production for that year and turning over approximately A$21.1 

billion.1 BlueScope Steel® produced 5000 kt, or 66 % of this total, making it the world’s 

28th largest steel producer and Australia’s largest steel production company by product 

mass, as shown in figure 1.1.1 

 

 

Figure 1.1 Australian steel production by company for 1990–2003.1 

 

Today, BlueScope Steel®’s metal-coated cold rolled products, such as Colorbond®, 

Zincalume® and Galvalume®, comprise approximately 40 % of the company’s total 

production figure2 and have become popular Australian brand names over the past forty 

years. In fact, coated steel products comprise a major part of Australian exports and are 

BlueScope Steel®’s second most lucrative product class. In 2005/2006 approximately 

2199 kt of coated steel products were externally despatched, 650 kt of which were 

exported. The total revenue yielded from the sale of these products was A$3.06 billion.2 

Given these statistics, it becomes evident that the production of high quality coated steel 

products by BlueScope Steel® is of utmost importance to both the success of the 

company and to Australia’s economy. 

 

1.1.2 The Steel Cold Rolling Process 

The majority of BlueScope Steel®’s metal coated sheet products are produced using 
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 low ductility and high strength and is 

ls within the G550 

ange.3 

(mm) Range (MPa) Range (MPa) 

G550-grade cold rolled steel. This type of steel has

used to make building products such as roofing.3 A summary of the typical dimensional, 

mechanical and chemical properties of G550 steel is given in table 1.1. 

 

Table 1.1 Dimensional, mechanical and chemical properties of cold rolled stee

r

Thickness (mm) Max. Strip Width Yield Strength Tensile Strength 

0.35 1150-1220 690-790 730-790 

0.42 1235 680-780 710-790 

0.48 1235 670-750 700-760 

0.55 1235 650-740 680-750 

0.75 1220 600-690 650-710 

1.0 1220 570-640 610-670 

Typical Ch  Composition of Steel Base (%) emical

Carbon 0.035-0.070 

Phosphorus 0.00-0.02 

Manganese 0.20-0.30 

Sulfur 0.00-0.02 

Silicon 0.00-0.02 

Al  0.02-0.07 uminium

Nitrogen 0.000-0.008 
 

Figure 1.2 shows agram of the cold rolling process at BlueScope Steel®’s 

pringhill works. The process begins with hot rolled steel stock being cracked to loosen 

 a schematic di

S

surface oxides and welded to the end of the previous sheet. The new sheet passes 

through the pickle entry accumulator, which stores an excess of sheet so that the Cold 

Rolling Mill (CRM) can be continuously fed whilst a new sheet of steel is being welded. 

 



 

 

Figure 1.2 Schematic diagram of the cold rolling process employed at BlueScope Steel®’s Springhill works.  
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The sheet is then tension levelled before entering the pickling tank, which contains a 10 

% w/v hydrochloric acid solution, to remove surface oxides (scheme 1.1).4 

 

( ) ( ) ( ) ( ) ( )aqaqaqss OHFeClHClFeOFe 2243 448 +↔++  

Scheme 1.1 Reaction undergone by the steel substrate during ‘pickling’; iron/iron oxide present on 

the steel surface reacts with hydrochloric acid solution to form iron chloride and water. 

 

After pickling, the sheet is passed through a series of water rinsing tanks and a drier 

before being trimmed and passed onto the mill entry accumulator. 

At the Springhill CRM, the sheet undergoes a series of five reductions in thickness by 

passing through five different sets of rollers. The magnitude of these reductions is 

dependent on the desired product dimensions. Each roller set tains two working 

rollers, which come into contact with the steel surface, and two kup rollers, which 

apply a load to the working rollers. The point at which the working rollers come into 

contact with the steel strip is known as the roll bite. The temperature of the steel sheet as 

it passes through the first roll bite is approximately 250 oC. This v  is lowered to 110-

120 oC by the time the sheet reaches the last stand of rollers in the  fed 

into the rollers at approximately 170 m min-1 and an oil emulsio -4 % rolling oil in 

water, manufactured by Quaker Chemical Australasia) is sprayed onto the sheet surface 

between each roller set. The oil plates out onto the steel to form a film several hundred 

nanometers thick (corresponding to an oil mass of ~ 600 mg m-2 d the water in the 

emulsion evaporates, cooling the steel surface. Small metallic particles are generated by 

wear between the working rolls and the steel surface and remain within the rolling oil 

film at concentrations in the range 20-50 mg m-2.5 The steel shee

the roller sets and is fed out at approximately 200 m min-1. This higher speed results 

from the creation of fresh metal surface during the rolling process as a result of the 

reduction in strip thickness; the increased metal surface area makes the steel sheet longer 

as opposed to wider. Steel coming out of the CRM is coiled into 12000-30000 t coils, 

which can be stored for up to a week before further treatment. During this storage time 
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 mill. The sheet is
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ases trapped 

 the coil.6-8 

 

the coils are said to undergo an ‘aging’ process, whereby chemical reactions occur 

between the steel surface/iron fines, the residual rolling oil and any water/g

in

1.1.3 Cold Rolling Oils 
Rolling oils used in the cold rolling of steel sheet are required to possess a range of 

roperties that enable them perform a specific set of functions.9 Not only must rolling oil 

ication of the hot dip 

p

possess appropriate emulsion-forming, lubrication and corrosion protection properties; it 

must also be easily removed from the strip surface prior to the appl

metallic coating.  

In order to achieve good lubrication during the cold rolling process, the rolling oil must 

be able to accommodate high compression and tension forces as well as the creation of 

fresh metal surfaces. These lubrication requirements mean that the rolling oil must have 

an appropriate pressure-viscosity coefficient so that it remains fluid enough to spread 

over the new steel surface created during the reduction process whilst providing the 

working rolls with good lubrication under the loads used.9 In addition, due to the high 

temperatures and pressures used during cold rolling and the fact that rolling oils are 

often recycled in emulsion re-circulation systems (the rolling oil used at the Springhill 

works is recycled in such a system), the oil must be resistant to thermal degradation, 

polymerisation and hydrolysis. Consequently, synthetic di- and tri-ester derivatives of 

natural vegetable oils are commonly used as the basis of rolling oil formulations.9-11 

Numerous different additives, including free fatty acids, emulsifiers and mineral oil 

together with minor additives such as anti-oxidants, lubrication additives, viscosity 

boosting agents and corrosion inhibitors are then blended into the base oil to construct a 

fully-formulated cold rolling oil.12 The concentration and chemical nature of these 

additives are unique to the requirements of the CRM in question; no two CRM’s use 

exactly the same rolling oil. 

  



Chapter 1 - Introduction

  
 

7 

1.1.4 The Continuous Hot Dip Metallic Coating Process 
The most common method by which 55Al-43.4Zn-1.6Si coatings are applied to the 

surface of cold rolled steel is the continuous hot dip coating process (figure 1.3).13, 14 

he first step in continuous hot dip coating involves seam welding the end of a new cold 

eing processed. The new coil is then fed into the entry 

ains several zones fired under either natural gas combustion products 

T

rolled coil to the end of the coil b

accumulator before being passed through a pre-heater which heats the steel sheet to ~ 

200 oC.15 Following this, the sheet enters the ‘continuous annealing’ cleaning section 

which incorporates a dual furnace system. Removal of the thin rolling oil layer deposited 

on the steel surface by the cold rolling process occurs within the Direct Fired Furnace 

(DFF), which cont

or nitrogen. The heating rates within the DFF are estimated to be approximately 6500 oC 

min-1 and the final steel surface temperature is approximately 500 oC.7  

Although theoretical studies have shown that the non-equilibrium conditions present in 

the DFF (whilst the steel surface is at ~ 500 oC, the surrounding gas is at ≥ 1000 oC) 

result in the furnace atmosphere being reducing to steel,15 the steel is subsequently 

passed through the Reduction Furnace (RF), which contains a low dew point, hydrogen-

nitrogen (HNX) atmosphere under which surface oxides are reduced (scheme 1.2.).15  

   

( ) ( ) ( ) ( )gsgs OHFeHOFe 2243 434 +↔+  

Scheme 1.2 Reaction of steel surface oxides with hydrogen gas within the RF; iron oxide is reduced 

to metallic iron, giving off water as a by-product. 

 

The continuous annealing process offers several advantages over other cleaning methods 

such as alkaline, acid and electrolytic degreasing. Furnace treatment enables 

simultaneous cleaning of the steel surface, modification of the physical properties of the 

steel and pre-heating prior to entry into the metal coating bath. Incorporation of the 

 into the hot dipping line enables the process to be continuous, 

maximising throughput. Furthermore, the continuous annealing process is less time 

consuming than the alternative furnace cleaning process of ‘batch annealing’. 

furnace cleaning section



 

 

 

ed at BlueScope Steel®’s Springhill works.  Fig continuou t dip metalli

 

 

ure 1.3 Schematic diagram of the s ho c coating process employ
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Batch annealing involves stacking cold rolled coils within a furnace containing hydrogen 

or HNX gas and heating at slow (1.7 oC min-1) heating rates to approximately 690 oC.16, 

17 The coils are subsequently cooled before being coated in a separate process. 

Following the continuous annealing section, the steel sheet is pulled through the 

‘Zincalume® pot’, a coating bath containing the molten 55Al-43.4Zn-1.6Si alloy (figure 

1.4). Air knives at the bath exit control the coating thickness and the rate of 

solidification. The metal-coated sheet then undergoes several post-bath treatments, 

including surface conditioning, tension levelling, passivation and resin coating, before it 

is re-coiled and cut. 

 

 

Figure 1.4 Photograph of alloy-coated steel strip exiting the metal coating bath at BlueScope Steel®’s 

Springhill works.  
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1.2 Literature Review 

1.2.1 55Al-43Zn Hot Dip Metallic Coatings 

.2.1.1 Coating Structure and Properties 
Zinc-based metallic coatings have been used since the early 1800’s to protect steel 

products from corrosion.18 The corrosion protection afforded by these coatings is two-

fold. Zinc has a lower standard potential than iron19 and will preferentially undergo 

oxidation so that zinc-based coatings provide galvanic protection to steel. Furthermore, 

the products created by the sacrificial oxidation of zinc-based coatings tend to form a 

1

rt layer that constitutes a physical barrier to steel substrate oxidation.14, 20  

any different types of zinc-based coatings used within the steel industry. 

Some of the typical coating classes include zinc (galvanised), zinc-iron (galvanneal), 

zinc-5 % w/w aluminium (Zn-5Al) and zinc–55 % w/w aluminium (Zn-55Al).20 

Traditionally, galvanised coatings have been the most widely used of all these coating 

classes,20 however the Zn-55Al type coatings, including Zincalume®, or 55Al-43.4Zn-

1.6Si, have recently become increasingly popular within the building and manufacturing 

industries.14 Not only do 55Al-43.4Zn-1.6Si coatings have excellent aesthetic qualities 

as a result of their fine, uniform spangles (figure 1.5) but they combine the durability of 

aluminium coatings with the corrosion resistance properties of zinc.14, 20 

 

dense, ine

There are m

 

Figure 1.5 Photographs of typical galvanised (A) and Zincalume® (B) coatings. 

A B 
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by three bulk layers; the steel substrate, a thin 

 t nd a 20-25 μm thick 55Al-

Zincalume®-coated steel is characterised 

(1-2 μm hick) iron-aluminium-zinc intermetallic layer a

43.4Zn-1.6Si alloy layer (figure 1.6).20  

 

 

Figure 1.6 SEM image showing 55Al-43.4Zn-1.6Si coating microstructure.20 

  

The intermetallic layer is formed by the liquid/solid reaction of the alloy with the steel 

substrate. This reaction is highly exothermic, and is controlled by the presence of 

ilicon,14, 20 some of which solidifies into a thin, barrier-type layer at the 

intermetallic/alloy interface. The alloy layer itself comprises of aluminium-rich 

dendrites (approximately 80 % by volume), together with interdendritic zinc-rich regions 

that contain needle-like particles of silicon.13, 20 Macroscopically, the alloy coating 

surface is characterised by the formation of triangular-shaped areas known as spangles. 

Spangles can range in size from less than 0.5 mm (mini spangle) up to more that 3 mm 

(large spangle) in diameter, with the ‘normal’ size range being 1-3 mm.13 

 

1.2.1.2 Uncoated Defects 
Although numerous types of defects can occur in hot dip 55Al-43.4Zn-1.6Si coatings,13, 

ated defects are 

s

21, 22 uncoated defects are one of the most prevalent. Unco
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ss an area of alloy-coated steel can vary 

ignificantly and the defects can be anywhere from tens of nanometres (pinhole 

uncoated) through to centimetres (gross uncoated) in diameter (figure 1.7).24, 25 They can 

occur in isolated patches over the surface of a coated steel sheet or they can cover the 

surface uniformly.  

 

discontinuities, or bare spots, in the hot dip metallic coating structure and appear as 

areas where either the intermetallic and/or the alloy layers are absent.21-24 The size and 

distribution of uncoated defects acro

s

 

Figure 1.7 Photographs of a typical defect-free coating (A) together with coatings containing 

pinhole-uncoated (B) and gross-uncoated defects.25 

 

etallic layer formation and ‘wetting’ of the steel surface by the 
23, 24, 26, 27 ce of uncoated defects compromises the appearance 

ated steel products as well as the efficiency of 

-

 

The occurrence of uncoated defects has been associated with many factors, including 

incomplete pickling, insufficient pre-heating and reduction of oxides on the strip surface 

prior to hot dipping and the condensation and oxidation of zinc on the steel surface.16, 21-

24 However, the presence of oily residues on the steel strip surface has also been linked 

to uncoated defect formation.22, 24, 26 It is suspected that changes to the steel surface 

chemistry, due to the persistence of oily residues after cold rolling and furnace cleaning, 

alter the steel surface energy and inhibit or preclude the alloy/steel reaction which is

essential for interm

molten alloy.  The existen

and anti-corrosion properties of co

downstream processes such as painting.28 The level of uncoated defects present in alloy
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n image analysis system to determine the % uncoated area and the 

umber of uncoated defects. Increasing the furnace hydrogen content from 5 % to 20 % 

dramatically improved coating quality, as did lowering the dew point from -5 oC to -30 
oC. The effects of pre-heat temperature were dependent on steel composition, however 

higher pre-heat temperatures generally reduced the % uncoated area. These observations 

were attributed to lowering of the oxygen content of the furnace atmosphere. Scanning 

Electron Microscopy (SEM) coupled with Energy Dispersive Spectroscopy (EDS) 

analysis showed that the uncoated defect severity was related to the level of steel surface 

oxidation.  

dynamic wetting and coatability of low-

arbon steel by both galvanising and Zincalume® alloys. A modified sessile drop 

coated steel products is therefore highly indicative of coating quality.  

The majority of research into uncoated defects has focused on the effects of steel surface 

oxidation and pre-heat temperature.27, 29-34 Dionne et al.27 studied the effect of pre-heat 

temperature and furnace conditions including dew point and hydrogen concentration on 

the formation of uncoated defects in galvanised hot rolled steels. Samples were prepared 

using a hot dip simulation apparatus and the resultant coatings were inspected both 

visually and using a

n

Ebrill et al.29-34 have undertaken extensive research into the effect of steel substrate 

oxidation and pre-heat temperature on the 

c

apparatus was used to observe the wetting and spreading of the molten alloys onto steel 

surfaces. Increasing the substrate preheat temperature improved the degree of wetting, 

however the presence of oxides such as FeO and ZnO (formed by condensation and 

oxidation of zinc vapour from the coating bath) reduced wetting and spreading and 

increased the contact angle from θ ~ 25o to θ >> 90o. Furthermore, hot dip simulation 

experiments enabled determination of the heat flux and resistance at the steel/alloy 

interface, showing that substrate oxidation increased the interfacial resistance and 

reduced the mass transfer of Fe and Al such that the wetting of the substrate was 

hindered. This corresponded to an increase in both the number and size of uncoated 

defects present in the resultant coating. Conversely, increasing the substrate pre-heat 

temperature to the coating bath temperature lowered the interfacial resistance, resulting 
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pon this research 

thod employed, however rolling at lower temperature significantly reduced 

in improved wetting and coating quality. Williams et al.23 expanded u

by constructing an experimental apparatus for the deposition of zinc vapour onto a steel 

substrate to study the effect of substrate exposure time and temperature on the 

mechanism of zinc vapour condensation.  

Several other groups21, 22 have undertaken general investigations into hot dip metallic 

coating defects and all have concluded that uncoated defects can arise from inadequate 

removal of oil residues from steel. However, the only research that has been specifically 

targeted towards studying the impact of rolling oils and their decomposition products on 

hot dip metallic coating quality has been conducted by Puente et al.26 and Willem et al.13  

Puente et al.26 investigated the influence of three commercially available cold rolling oils 

on steel surface cleanliness, as determined by measuring changes in the surface 

brightness and carbon content. The impact of different cold rolling temperatures (100 oC 

and 150 oC) and surface cleaning processes (including alkaline and electrolytic 

degreasing) were also studied. Steel surface cleanliness was largely independent of the 

cleaning me

the amount of surface contamination, which was attributed to the formation of fewer oil 

degradation products. Despite this, there was no detailed analysis of the rolling oil or 

processing condition impact on the hot dip metallic coating quality and, more 

specifically, on uncoated defect formation. 

Willem et al.13 studied the impact of rolling oil residues present after cold rolling process 

on the formation of mini-spangle defects. Their results support the observations of 

Puente et al.;26 increasing the temperature employed during the cold rolling process 

caused the occurrence of mini-spangles due to the formation of oil decomposition 

products such as metal carboxylates (soaps). Such soaps could not be effectively 

removed by conventional electrocleaning methods so that a more stringent cleaning 

process was devised to minimise oil deposits. It was noted that the soaps were ‘burned 

off’ in a pre-heating furnace, a process which was confirmed by hot dipping simulation 

experiments during which that steel substrate was treated in air at a series of different 

temperatures. Heating the steel substrate to 450 oC for 5 s was sufficient to prevent mini-
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 in detail, no comprehensive study targeting 

spangle defects. However, no observations regarding uncoated defects were made.  

In summary, whilst the impact of furnace cleaning parameters, such as pre-heat 

temperature and gas atmosphere composition, on the formation of uncoated defects in 

hot dip metallic coatings has been studied

the relationship between rolling oil composition, the detection and chemical nature of oil 

decomposition deposits remaining after furnace cleaning and uncoated defect formation 

has been performed. Furthermore, the majority of investigations have focussed on 

galvanized, as opposed to Zincalume®, coatings.  

 

1.2.2 Oil Residue Formation 

1.2.2.1 Cold Rolling Oils 
In 1998, Keyser35 identified that the two key contaminants present on the steel surface 

after cold rolling are iron, in the form of iron fines, and oil in the form of soaps, 

contaminants (‘tramp’ oils) and residual oil from the rolling process. Excessive iron 

fines result from high levels of wear during the rolling process.35, 36 Not only do the fines 

accelerate the rate of rolling oil oxidation; their presence can cause hot dip metallic 

coating defects.35 Typical tests for iron include the ‘tape test’, where iron particles on the 

steel surface are removed using a piece of tape; the more reflective the tape, the more 

iron is on the surface.35 This type of test is rudimentary and qualitative in nature, and it 

does not account for iron present in other than particulate forms. A more quantitative 

method for assessing iron levels involves ultrasonic solvent cleaning of the steel surface 

followed by filtration, acid digestion and Atomic Absorption Spectroscopy (AAS) 

analysis of particulate matter.12, 35 Iron soaps are also determined by evaporating solvent 

from the filtrate, digesting the resultant residue and testing by AAS.12  

The composition of the rolling oil remaining on the steel surface following the cold 

rolling process is affected by three primary variables; the presence of ‘tramp’ oil 

contaminants such as hydraulic and bearing oils leaked from the rolling mill, oil 

decomposition during storage and re-circulation and oil decomposition during the rolling 

process itself. Tramp oils cause problems during all stages of the coated sheet metal 
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lling 

ogous decomposition products exist in 

e residual rolling oil layer present on the steel surface following the cold rolling 
5, 12, er oil oxidation/decomposition product build up 

in  are left to cool prior to metal coating.17  

 components are 
12

production process. They result in decreased lubrication performance during cold ro

and they have been shown to cause the formation of high surface carbon levels 

following the batch annealing process.35, 36 Re-circulation and storage of rolling oil 

emulsion at temperature leads to the evolution of acidic and soap-like oil decomposition 

products by oil oxidation and hydrolysis.12 The build up of these products is controlled 

by routinely analysing the oil emulsion properties including the Total Acid Number 

(TAN) or Free Fatty Acid (FFA) content, the Emulsion Stability Index (ESI) and the oil 

droplet particle size and distribution.5, 12, 35, 37 Anal

th

process  37 and the possibility of furth

exists dur g the time when the steel coils

Chromatographic and mass spectrometric techniques have been used to assess solvent-

extracted rolling oil residues,37-41 however interpretation of the results is complicated. 

The complex makeup of rolling oils renders qualitative and/or quantitative identification 

of individual rolling oil constituents difficult and any meaningful interpretation of 

chemical changes occurring in these constituents as a result of the cold rolling process is 

virtually impossible. Furthermore, wet chemical methods increase the risk of sample 

contamination. Derivatisation of extracted oil components is almost always required and 

it is questionable as to whether chemisorbed species are completely removed from the 

steel surface.41, 42  

Surface-orientated Fourier Transform Infrared Spectroscopic (FTIR) techniques such as 

Attenuated Total Reflectance (ATR) and Infrared Reflection-Absorption Spectroscopy 

(IRRAS) have emerged as a more direct method for analysing rolling oil-derived steel 

surface residues.40, 41, 43-45 A range of inorganic as well as organic

detectable and quantitative as well as qualitative analysis can be achieved.  Tamai and 

Sumimoto43 simulated the process of oil-burn during cold rolling by clamping neat 

rolling oil-coated and rolling oil emulsion-coated steel sheets together, treating them in 

an air oven at ~ 90 oC for 20 hrs, washing the steel surface to remove non-adhered 

material and subsequently analysing the surface by ATR and contact angle 
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ble to 

nt on low-carbon steel sheet following the furnace cleaning process, 

measurements. All samples treated with neat or emulsified rolling oil gave higher 

contact angles than the steel control sample, implying there was good adhesion of the 

organic residue to the steel surface. The ATR results confirmed that the emulsion-treated 

oil samples reacted with the steel surface to form iron soaps, however soaps were not 

detected on the neat rolling oil-treated samples.   

FTIR methods have also been developed to analyse the composition of rolling oil 

formulations and emulsions; Cole et al.46 used ATR to quantify the amount of oil present 

in rolling oil emulsion, Fujioka and Tanikawa37 combined infrared detection with High 

Performance Liquid Chromatography (HPLC) to isolate five carbonyl-based rolling oil 

components and Chopra et al.47 identified ten different known ingredients present in a 

rolling oil formulation using multi-component analysis, although they were una

identify unknown ingredients.  

Despite the amount of research undertaken into effect of cold rolling on rolling oil 

decomposition, it is the composition of the steel surface following the furnace cleaning 

process which is critical to hot dip metallic coating quality. X-ray Photoelectron 

Spectroscopy (XPS), Auger Electron Spectroscopy (AES) and Glow-Discharge 

Spectroscopy (GDS) have been used extensively to study the efficiency of the furnace 

and electrochemical cleaning processes in removing rolling-oil derived residues.28, 48-53 

Payling et al.48, 51 have undertaken research into the chemical composition of 

contaminants prese

however the bulk of their studies have focused on the detection and quantification of 

elements such as carbon. AES was used by Johannessen et al.52 to profile and analyse 

defects in tinplate surfaces. The occurrence of de-wetting and non-wetting during 

electroplating was related to the presence of carbon stains or deposits on the tinplate 

surface and it was noted that these deposits could result from incomplete oil degreasing. 

Treverton and Thomas50 used XPS to characterise the surface of annealed aluminium 

foil. Surfacial carbon deposits present on isolated areas of the surface adversely affected 

the adhesion of subsequent lacquer coatings. It was also noted that carbon residue 

binding energies were consistent with the presence of carboxyl-containing compounds 
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ht Secondary Ion Mass Spectrometry 

the use of laser desorption/ablation techniques from a 

and mono-oxygen-substituted species such as aldehydes and alcohols. These findings 

were confirmed by subsequent analysis using Fast Atom Bombardment Mass 

Spectrometry (FABMS).  

FABMS, together with other surface mass spectrometry techniques such as Secondary 

Ion Mass Spectrometry (SIMS) and Time-of-Flig

(ToF-SIMS) can overcome the chemical structural limitations associated with x-ray and 

electron spectroscopic methods42 and have been more commonly used for the analysis of 

metal surfaces16, 42, 50, 54-56 and organic/inorganic coatings in general.57-59 However, 

research employing these techniques has been focussed more on investigating the 

mechanism and the process of oil decomposition during lubrication as opposed to the 

chemical composition of surface contaminants remaining after annealing.42, 54, 56 

Lafargue et al.60 investigated 

different perspective; their research was aimed at developing a laser desorption-based 

method for cleaning, as opposed to analysing, residues present on cold rolled and 

annealed steel sheet. The effect of wavelength, irradiance and the number of laser shots 

on the cleanliness and topography of the steel surface was investigated. By using 

different wavelengths of light, selective desorption of carbon- or iron-based 

contaminants was achieved although it was not possible to completely remove either of 

these residues.  

Considerably less work has been undertaken to identify the processes undergone by 

rolling oils during furnace cleaning and the effect of factors such as oil composition and 

furnace atmosphere on the formation of thermally-stable oil residues. Pilon et al.45 used 

grazing-angle FTIR to assess the chemical composition of industrially-annealed steel. A 

considerable amount of surface contamination in the form of hydrocarbons and silicones 

and/or silicates was detected, however as noted by Treverton and Thomas,50 non-

homogeneity in the contaminant layer coverage of the steel surface precluded accurate 

correlation between the amount of hydrocarbon-based residues determined by FTIR and 

the total amount of surface carbon determined by carbon analysis.  

Fujioka and Tanikawa37, 40 used FTIR and mass spectrometry to investigate the chemical 
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steel surface with potassium bromide powder and extracting 

ocess leading to the formation of volatile products.61, 62 

nature of oil-derived steel surface residues remaining after annealing cold rolled steel at 

300 oC or 600 oC for 17-34 hrs under an HNX atmosphere. Oil residue samples were 

collected by abrading the 

the oily residue into chloroform. The total amount of organic residue extracted from the 

steel annealed at 600 oC was 1.8 mg m-2 and the composition of this residue consisted of 

ester and long chain fatty acid decomposition products that were of higher molecular 

weight than the rolling oil base ester. A similar FTIR technique was employed by 

Shaw49 to study reactions between rolling oil and a series of iron oxide/hydroxide 

powders over a two-week storage period at temperature and the effect of different 

degreasing and electrolytic pre-cleaning methods and batch annealing conditions on 

steel surface cleanliness.  

Several industrial studies have been conducted to identify the chemical reactions and 

decomposition products evolved by rolling oil decomposition under batch annealing 

conditions.61, 62 The chemical reactions (described in more detail in section 1.2.3.1) and 

volatile products evolved over different temperature ranges are summarised in table 1.2. 

Analogous investigations have not been performed in the presence of oxygen. 

 

Table 1.2 Chemical reactions undergone by rolling oil over defined temperature ranges during the 

batch annealing pr

Volatile Product Process/Reaction Temperature Range 
(oC) 

rolling oil evaporation RT-350 

H2O evaporation, condensation reactions RT-350 

CO decarboxylation 250-450 

CO2 decarboxylation 250-450 

light hydrocarbons thermal cracking 300-600 

CH4 thermal cracking 300-600 

CO residue combustion 600-700 

CO2 residue combustion 600-700 

CH4 residue reaction with H2(g) >700 
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reased residue levels from 1.4 % to below 0.6 %. This 

lthough Osten-Sacken et al.63 employed simultaneous TGA and Differential Thermal 

conditions, such fluids 

are used in the cold rolling of aluminium as opposed to steel. is 

kn ocesses vi  rolling oils decom and form 

persis s under continuou xidising) conditions. 

 

1.2.2.2 els and Other L ls and Greases 
In contras g oils, oxid osition and residue f uels 

and other lubricating oils and greases has b

wet chem ental techniques. Various bulk and thin film oxidation methods 

have been employed including: 

• Oxidation Characteristics of Inhibited 

Sech and Oleksiak36 used Thermogravimetric Analysis (TGA) to study the effect of 

different rolling oil additives and contaminants under an HNX atmosphere in the 

presence and absence of 1 % w/w carbonyl iron powder. In the absence of iron, the 

fully-formulated rolling oil decomposed via a two-step process to leave essentially no 

residue at temperatures above 500 oC. The addition of carbonyl iron powder resulted in a 

more complex 3-step decomposition mechanism corresponding to an increase in residue 

levels, which was attributed to surface reactions between the oil and iron. Analysis of 

several different oil ingredients revealed that high molecular weight and high viscosity 

triglyceride, ester-based and tramp materials contributed significantly to residue levels 

due to their high volatilisation temperatures. The addition of sulfur-containing 

lubrication additives dec

observation was ascribed to interactions between the sulfur and the iron inhibiting 

adhesion of the triglyceride and ester-based components.  However, Sech and Oleksiak’s 

study did not investigate the effect of an oxidising atmosphere on the oil decomposition 

and residue formation processes and failed to account for the presence of partially-

oxidised oil species as a result of the cold rolling process.  

A

Analysis (DTA) to study the decomposition and polymerisation reactions of 

carboxylate-based rolling fluids under both oxidising and inert 

 Therefore, very little 

pose own about the pr a which steel cold

tent residue s annealing (o

Fu ubricating Oi
t to cold rollin ative decomp ormation in f

een studied in great detail using a range of 

ical and instrum

Mineral Oils (TOST; ASTM D943-04a), 
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it decomposition products,70, 

required to run 

xperiments.10, 73 Consequently, researchers have looked towards more rapid procedures 

residue formation 

res. Gamlin et al.10 evaluated the decomposition kinetics 

which measures the time taken for a 300 ml sample of oil to react with oxygen in the 

presence of water and an iron-copper catalyst;64, 65 

• Oxidation Stability of Steam Turbine Oils by Rotating Pressure Vessel 

(RBOT/RPVOT; ASTM D2272-02), whereby the time taken for 30 g of oil to react 

with oxygen is determined in the presence of water and a copper catalyst inside a 

sealed vessel;64, 66, 67 

• Thin Film Micro Oxidation (TFMO) test, where a small (25 μL) amount of oil is 

spread onto the surface of an activated high carbon steel catalyst and the amount of 

insoluble deposit formed by the oxidation process is determined gravimetrically;68 

• Oxidation Stability of Lubricants by Thin Film Oxygen Uptake (TFOUT; ASTM 

D7098-06e1) which is used to evaluate automotive engine oil oxidative stability by 

simulating the conditions present in an operating engine;10  

• Groupement Francais de Coordination (GFC) oxidation test, which is used to 

evaluate transmission oil oxidative stability and screen gear oils in Europe.69  

• Thermal Oxidation Stability of Aviation Turbine Fuels (JFTOT; ASTM D3241-06), 

which rates the tendency of gas turbine fuels to depos
71and  

• a range of Institute of Petroleum (IP) Standards for studying oxidative stability.67, 72 

Evaluation of test results is commonly performed using instrumental techniques such as 

GCMS, FTIR and NMR or by determining changes in sample viscosity and TAN. 

However, a major disadvantage of many of the above methods is the numerous steps 

involved and the considerable time (up to hundreds of hours) 

e

based on thermal analysis techniques to study the oxidation and 

properties of lubricants.  

TGA has commonly been employed to investigate the thermal decomposition of base 

oils used in the automotive industry,10, 67, 74, 75 although the majority of studies have been 

performed under inert atmosphe

of a range of natural, semi-synthetic and synthetic engine base oils under nitrogen. 
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creased with increasing viscosity 

 solely due to evaporation.  

re 

oducts such as aldehydes 

tability  

ployed in the PDSC technique suppress 

. 

ed operating lifetimes; such measurements fail to evaluate the 

Isothermal, non-isothermal as well as modulated TGA techniques were employed. It was 

found that the decomposition temperature of the oils in

and that, comparing oils of similar viscosity, the thermal stability of the synthetic oils 

was superior to that of semi-synthetic and natural oils. Furthermore, the base oil 

decomposition process followed a first order kinetics up until 60 % oil mass loss, 

implying that volatilisation was not

Similarly, the use of TGA in conjunction with GCMS to evaluate the effect of motor oil 

brand, grade and contamination upon oil thermal stability under nitrogen was reported 

by Sisk et al.74 They ascertained that oxygen did not play a significant role in the pu

oil decomposition mechanism and determined that the major decomposition reaction at 

300 oC was hydrocarbon cracking. However, introducing a source of oxygen via 

contamination of the oils generated oxidative decomposition pr

and carboxylic acids.  

The most common thermal analysis technique employed to study the oxidative s

and residue forming tendency of lubricating oils and greases is Pressure Differential 

Scanning Calorimetry, or PDSC (refer to section 2.4.2 in Chapter 2 for a description of 

the technique). The high pressures em

evaporation, enabling oxidation of volatile samples to be studied at high temperatures

The determination of oxidation induction time (OIT) from isothermal PDSC 

experiments has formed the basis of numerous investigations into the oxidative stability 

of greases76, 77 and lubricating oils10, 73, 78-81 as well as the effectiveness of anti-oxidants 

in preventing oxidative decomposition.77, 78, 80, 81 PDSC OIT test results have shown 

good correlation with the more traditional oil oxidation test methods outlined above.81 

However, OIT measurements are primarily directed towards facilitating the development 

of lubricants with improv

entire lubricant thermo-oxidative decomposition process and do not provide information 

of a lubricant’s deposit-forming tendency. Although Adhvaryu et al.68 and Gamlin et 

al.10 used PDSC to study the oxidative decomposition of lubricant base oils under 

ramped heating conditions, their investigations once again focused on oil oxidative 
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DSC pan in a glove bag 

be performed under a limited range of heating rates to prevent 

stability, determined by the onset temperature of oxidation. Furthermore, Adhvaryu et al. 

noted that there was no linear correlation between the oxidation onset temperature and 

the formation of insoluble, high molecular weight oxy-polymeric deposits as measured 

by the TFMO test.  

A second DSC-based technique used to study oxidative stability is Sealed Capsule DSC 

(SCDSC), which involves preparing the sample in a sealable 

containing the atmosphere of choice (typically oxygen for oxidation experiments). As 

with PDSC, OIT results determined by SCDSC have been shown to correlate well with 

‘safe’ lubricant operation data determined by more traditional methods.64, 79, 82 However, 

limitations associated with the SCDSC technique render it unsuitable for evaluating 

lubricants under extreme oxidising or ramped heating conditions; lubricant/gas reactions 

are restricted by the initial amount of gas present in the sealed pan82 and SCDSC 

experiments can only 

sample evaporation from causing pressure build up inside the capsule.64, 82 

Although the effect of different additives on deposit formation in lubricants has been 

studied in some detail (refer to section 1.2.3 below), few studies have employed PDSC 

or TGA techniques. Santos et al.75 reported the use of TGA and DSC in conjunction with 

NMR, FTIR and rheological measurements to characterise the thermal degradation 

process of automotive lubricants and the effect of thermo-oxidative pre-treatment on the 

lubricant properties. Their results showed that lubricant oxidative degradation resulted in 

viscosity increases, which were due to the build up of high molecular weight 

polymerised products. TGA results revealed a three-step decomposition process in air, 

related to the volatilisation of low molecular weight products followed by hydrocarbon 

degradation and decomposition of high molecular weight hydrocarbons, whilst under 

nitrogen a single decomposition step consisting of a peak and a shoulder was observed. 

DSC analysis of the lubricants showed that two exothermic peaks were present at high 

temperature in air, indicating that the hydrocarbon decomposition reactions observed by 

TGA were due to combustion. No exothermic peaks were observed under nitrogen. 

Thermo-oxidative degradation pre-treatment of the lubricants reduced the onset 
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s is of critical importance and has been studied by several groups.65, 

uming engine 

temperature of decomposition and therefore the thermal stability of the samples. 

Given the link between lubricant oxidation and the formation of thermally-stable high 

molecular weight decomposition deposits, the activity of different metals in catalysing 

the oxidation proces
72 However, no comprehensive investigation linking lubricant composition and oxidation 

conditions to the process of oxidative decomposition and residue formation has been 

performed. 

 

1.2.2.3 The PDSC 2-Peak Method 
The most relevant PDSC study into the residue-forming properties of lubricants is that 

undertaken by Zhang et al.,83, 84 who in 1992 described the development of a new PDSC-

based test for evaluating the deposit-forming tendencies of diesel engine oils. The 

motivation behind the establishment of this test was to enable rapid, laboratory-based oil 

screening prior to the evaluation of oil performance using costly, time-cons

tests. The test conditions were designed to simulate the environment found in an engine 

whilst optimising reproducibility and discrimination between oil samples. Underpinning 

the test method was the assumption that the deposit formation process occurs according 

to scheme 1.3. 

 

 

Scheme 1.3 Simplified model for oil oxidation.83, 84 

 

The model shown in scheme 1.3 has been shown to accurately predict the process of oil 

oxidation providing there are no oxygen diffusion limitations.83-85 Oil oxidation leads to 

the formation of primary oxidation products which, upon further heating, form high 
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eposits. 

signed steel pan sealed with a lid containing a 0.65 mm diameter hole. The 

an was then placed into the PDSC cell and the test was conducted over the temperature 

min-1 at temperatures below 340 oC and 10 

onment outlined above. The % B/A ratios determined for a series of 

ngine oils were sufficiently different to enable oils to be distinguished and were found 

to correlate well with engine test results.  

In 1998, Quaker Chemical developed an analogous test to measure the residue forming-

tendencies of rolling oil formulations. A study was undertaken in conjunction with 

BlueScope Steel® (then BHP Steel) in which the PDSC 2-peak method was utilised to 

investigate the relationship between rolling oil residue formation and the occurrence of 

tee at the Springhill Plant.25 The results of this 

tudy showed that there was generally a good correlation between the % B/A ratios 

molecular weight secondary oxidation products and eventually varnish-like d

The reactions leading to deposit formation compete with oil evaporation and the 

volatilisation of primary oxidation products such that appropriate PDSC test conditions 

must be selected to minimise volatility and obtain repeatable oxidation results. 

The optimised PDSC test procedure reported by Zhang et al.84 involved placing a thin 

(0.7-0.8 mg) film of oil, to ensure adequate oxygen diffusion, onto the surface of a 

specially-de

p

range 50-550 oC using a heating rate of 2 oC 
oC min-1 above 340 oC, an oxygen pressure of 689 kPa and a gas flow rate of 20 ml min-

1. Two net exothermic peaks were observed in the resultant oil thermograms; a primary 

oxidation peak, representing the total energy involved in oil oxidation reactions, 

evaporation and polymerisation, and a secondary oxidation peak, attributed to the 

combustion of high molecular weight material and deposits remaining after primary 

oxidation. These peaks were referred to as the A and B peaks respectively. Zhang et al. 

proposed that the ratio of the B peak to the A peak, the % B/A ratio, could be used as an 

indirect measurement of the amount of deposit formed by an oil under the specific 

oxidation envir

e

uncoated defects in Zincalume® coated s l 

s

determined for different rolling oils and uncoated defect severity; oils with a % B/A 

ratio of less than 7 % produced defect-free coatings. In addition to this, the % B/A ratio 

was generally found to increase with the concentration of sulfurised lubrication additives 
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olling oil 

in the rolling oil, suggesting that the formation of thermally stable sulfur-based deposits 

could be a major source of coating problems. The presence of contaminant tramp oils 

such as Morgoil and hydraulic fluid in the rolling oil was also found to increase the % 

B/A ratio. However, the technique produced ambiguous results for several r

formulations; one oil gave a high % B/A ratio but did not produce uncoated defects. 

Furthermore, the test reproducibility was poor and some oils produced % B/A ratio 

results that varied between 2 and 13 %. These observations highlight the need to 

optimise the PDSC 2-peak test conditions to enable assessment of rolling oil residue 

formation properties. In addition, the requirement for complementary methods of rolling 

oil residue analysis is evident given that the PDSC 2-peak technique does not provide 

information on the chemical nature of rolling oil residues present at any stage during the 

oxidation process, or the dependence of residue formation on oil formulation 

composition. 

 

1.2.3 Decomposition and Oxidation of Specific Oil Constituents 
As previously noted, the rolling oils employed during the steel cold rolling process are 

complex formulations containing numerous different ingredients. The analysis and 

characterisation of such mixtures and their thermal decomposition reactions is therefore 

complicated, and these complications are intensified by the fact that the majority of the 

ingredients used in rolling oil formulations are derived from natural products. In order to 

interpret the chemical processes that occur during the thermal decomposition of a 

complete rolling oil formulation, it is necessary to understand the thermal behaviour of 

the individual rolling oil components. It is also essential, in determining the relationship 

between rolling oil chemistry, the formation of thermally stable oil decomposition 

residues and hot dip metallic coating quality, to consider the chemical differences 

between rolling oils that potentially give rise to uncoated defects. Three key classes of 

rolling oil ingredients which have been associated with the deposit formation are base 

esters (including triglycerides), sulfurised EP additives and phosphorus-based 

lubrication additives. The proceeding section reviews the chemical processes via which 
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 contains a small proportion of free fatty acids and hydroxyl groups.  

each of these classes of ingredients decompose to form thermally-stable deposits. 

 

1.2.3.1 Triglycerides and Base Esters 
One of the predominant differences between rolling oil formulations is the chemical 

structure of the base ester. Base esters typically constitute between 20 and 90 % w/w of 

a rolling oil formulation12 and are the foundation from which rolling oils are blended. 

The chemical composition of a base ester is defined by cold rolling mill lubrication 

requirements, however blends incorporating naturally-occurring triglycerides (from 

sources such as coconut oil and tallow) in conjunction with synthetic di- and tri-ester 

derivatives are common.9, 86 Synthetic ester derivatives are produced via a trans-

esterification process whereby the desired polyfunctional alcohol is esterified with 

triglyceride fatty acids (scheme 1.4).87 The reaction is usually terminated such that the 

resultant ester

 

 

Scheme 1.4 Representation of a trans-esterification reaction between a triglyceride and a tri-

functional alcohol yielding glycerol and a new ester. 

 

Esters produced via scheme 1.4 are often termed ‘semi-synthetic’ as they possess the 

fatty acid distribution of a naturally-occurring triglyceride with a synthetic alcohol 

component. In contrast, ‘fully-synthetic’ base esters derive both their alcoholic and fatty 

acid components from synthetic sources. The primary advantage of semi- and fully-
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ydrolytic, thermal and oxidative stability,10, 11, 86 which are essential properties for 

ere conditions employed during cold 

roup 

nd/or in the fatty acid alkyl chain, and carbon-carbon double bonds (C=C) present in 

the fatty acid alkyl chain.9, 87 The primary reactions of the ester linkage are hydrolysis 

(scheme 1.5A), saponification (scheme 1.5B) and trans-esterification (scheme 1.4). 

 

synthetic base esters over their triglyceride counterparts is that they exhibit improved 

h

ensuring lubrication performance within the sev

rolling.  

The chemical structure and distribution of the fatty acid alkyl chains obtained from 

different triglyceride sources vary significantly, and are determinative of the above 

properties as well as physical state and lubricity.87 Variations can be found in fatty acid 

carbon chain length, degree of unsaturation and the presence of unique functionalities 

such as hydroxyl (OH) groups. Table 1.3 illustrates some of these variations by 

summarising the typical fatty acid compositions of several common vegetable- and 

animal-derived triglycerides. 

The majority of triglycerides and semi-/fully-synthetic esters used in rolling oils contain 

three reactive functionalities; the ester linkage, OH groups on the ester head g

a

 

Scheme 1.5  Hydrolysis (A) and saponification (B) reactions of triglycerides.  



 

 

Table 1.3 Typical fatty acid compositions of several common vegeta urated, 

-unsaturated and saturated fatty acid chains is included.87 

Fatty A
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Coconut Oil 6.0 5.0 43.8 19.0 11.6 0.1 92 5.1 7.4 1.8     1.5 6.5 

Palm Oil   0.3 1.1 45.1 0.1 0 51 4.7 38.5 9.4 .3 0.2   9.7 39 

Cottonseed Oil    0.9 24.7 0.7  0 28 2.3 17.6 53.3 .3 0.1   54 18 

Sesame Oil     9.9 0.3  0 15 5.2 41.2 43.2 .2    43 42 

Safflower Oil    0.1 6.5   7 9.2 2.4 13.1 77.7  0.2   8 13 

Canola Oil     3.9 0.2  9 6.6 1.9 64.1 18.7 .2 0.6 0.2  28 64 

Castor Oil     0.9 0.2 0 3 2.1 1.2 3.3 3.7 .2   89 .9 89 

Lard Oil   0.1 1.5 24.8 3.1 0 39 12.3 45.1 9.9 .1 0.2   48 10 

Beef Tallow  0.1 0.1 3.3 25.5 3.4 0 4 51 21.6 38.7 2.2 .6 0.1   2 2.8 
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Saponification is of par portance in the cold rolling industry; as noted above, 

m l soa el surface 

f wing the cold rolling process.35, 49 The structure and properties of metal soaps have 

r ived c h ance in a 

broad range of industries.88, 89 al decomposition of synthetic, short-chain (≤ 

C18) soaps is known to involve the formation of ketones, metal oxides and carbon 

dioxide (schem ess  oC.89-92 

Comparatively little academic focus has been directed towards studying the metal soaps 

f ed during the cold rolling process at th  of 

thermal decomposition and impact of on l surface 

treatments is poorly understood.  

 

ticular im

eta

ollo

ece

orm

ps have been identified as one of the key contaminants left on the ste

onsiderable attention over t e past twenty years due to their import

 The therm

e 1.6) and is entially complete between 460-530

49 such th e chemical nature, process

these soaps downstream stee

 

S me 1.6 rmal decomposition of an iron(III tone, iron(III bon 
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synthetic derivatives) such that condensation reactions in the alkyl portion of base esters 

(scheme 1.7B) are minimal. Castor oil is unique in that ~ 89 % of its fatty acid chains 

comprise of ricinoleic acid. Condensation reactions of castor oil’s OH groups are 

exploited within the coatings and materials industries,93-95 however the use of castor oil 

in the cold rolling industry has not been documented.  

 

 

Scheme 1.7 Condensation reactions of hydroxyl groups present on the triglyceride ester head group 

(A) or within the alkyl chain (B). 

 

The presence of C=C bonds in ester alkyl chains enables both addition reactions (scheme 

1.8) and oxidation to occur.87 The addition reactions of C=C bonds will be considered 

further below in the context of oxidation, however addition of hydrogen gas to C=C 

bonds (hydrogenation) is relevant to the removal of residual cold rolling oil during the 

batch annealing process. 

 

 

Scheme 1.8 Addition reaction between a C=C bond and a diatomic molecule. 
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linking/polymerisation, radical 

combination and radical decomposition (secondary oxidation). These processes are 

described in detail below. 

The induction period commonly observed during triglyceride oxidation results from the 

presence of naturally-occurring phenolic anti-oxidants such as tocopherols, tocotrienols 

and a range of triglyceride-specific compounds.87, 98, 99 With respect to cold rolling oils, 

the high degree of processing employed in the preparation of triglycerides and semi-

synthetic esters minimises the concentration of natural anti-oxidants. 

Oxidation initiation involves hydrogen abstraction from the ester alkyl chain (R-H) by 

an initiating species, such as a metal complex or peroxide radical (X•), to form an alkyl 

radical (R•; scheme 1.9).96, 97, 100, 101  

 

C=C bond oxidation in unsaturated esters occurs via a free-radical, autocatalytic 

mechanism87, 96, 97 and has been studied in great detail due to its importance in the food 

and lubricant industries. The unsaturated ester oxidation process is widely accepted as 

involving seven main processes including induction, oxidation initiation, hydroperoxide 

formation, hydroperoxide decomposition, cross

re

 

Scheme 1.9 Hydrogen abstraction from an ester alkyl chain by an initiating species to form an alkyl 

radical during oxidation initiation. 

 

Hydrogen abstraction occurs preferentially from allylic positions in unsaturated alkyl 

chains and the subsequent reaction of R• with molecular oxygen to form peroxide 

radicals (ROO•) occurs rapidly (scheme 1.10). 

 

 

Scheme 1.10 Reaction between an alkyl radical and molecular oxygen to form a peroxide. 

 

The initiation process can be accelerated by irradiation to UV light, through the addition 

in the case of cold of radical-generating species such as peroxides, and, importantly 
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rolling, through the use of metal-based catalysts and by the application of heat.72, 87 An 

alternative pathway for oxidation initiation involves the direct addition of singlet-state 

oxygen to C=C bonds via an ene addition reaction, however the use of a photo-

sensitising agent and exposure to UV light are required.96, 97, 99  

Hydroperoxide formation is a radical propagation reaction whereby peroxide radicals 

abstract hydrogen from the ester alkyl chain (scheme 1.11);  

 

 

Scheme 1.11 Peroxide radical hydrogen abstraction from an ester alkyl chain to form an 

hydroperoxide. 

 

Hydroperoxide decomposition subsequently generates a range of alkyl (R ) and 

oxygenated (•OH, RO•, ROO•) radical species (schemes 1.12A-1.12B), which can 

participate in hydrogen abstraction re

•

actions according to scheme 1.11. 

 

 

Scheme 1.12 Hydroperoxide decomposition pathways including dissociation (A) and 

isproportionation (B).  

ns (schemes 1.13A-1.13C).65, 72 

d

 

As noted with respect to oxidation initiation, metals such as iron oxides can catalyse 

hydroperoxide decomposition via redox reactio

 

 

Scheme 1.13 Redox reactions between iron oxides and hydroperoxides resulting in the catalysis of 

hydroperoxide decomposition.  
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idation. 

Solubility plays an important role in metal catalytic activity; soluble metal particles 

significantly increase the rate of hydroperoxide decomposition reactions.65, 72 During the 

steel cold rolling process, the availability of iron fines in addition to iron oxides on the 

steel surface provides a highly favourable environment for oil ox

Crosslinking/polymerisation is a radical propagation reaction involving the addition of 

radicals to C=C bonds in the ester alkyl chain (scheme 1.14). 

 

 

Scheme 1.14 Addition of alkyl or oxygenated radicals to C=C bonds to form branched/networked 

olecular weight 

ranched and/or networked material. In triglycerides and base esters, propagation of the 

resultant radicals can involve the formation of inter- and/or intra-molecular crosslinks 

between alkyl chains such that the formation of networked material is almost inevitable. 

Although the build up of high molecular weight deposits in oxidised lubricants has been 

efficient of friction and reduce wear under boundary lubrication 

ed viscosity of the polymer film,11 such deposits are 

olten alloy and the formation of uncoated defects; 

The oxidation chain reaction is terminated by radical recombination, whereby high 

molecular weight material containing C-C, C-O-C and C-O-O-C linkages is formed 

(schemes 1.15A-1.15I; the reaction shown in scheme 1.12A may also occur). 

material. 

 

The addition of radicals to C=C bonds leads to the formation of high m

b

shown to lower the co

conditions as a result of the increas

likely to be detrimental to the hot dip metallic coating process; as noted previously, 

residual organic matter on the steel surface has been associated with poor wetting by the 

m
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Scheme 1.15 Homogeneous (A-D) and heterogeneous (E-I) radical recombination reactions. 

 

Finally, radical decomposition/secondary oxidation reactions such as β-scission and 

Russell termination,99, 100, 102-107 which compete with hydroperoxide formation, 

polymerisation and radical recombination reactions, lead to the evolution of volatile and 

non-volatile low molecular weight products such as alkanes, aldehydes, carboxylic 

acids, ketones and alcohols (schemes 1.16A-1.16B). 

 

 

Scheme 1.16 β-scission (A) and Russell termination (B) reactions of oxygenated radical species. 

 

At higher temperatures esters undergo decarboxylation, thermal cracking and 

combustion. As noted in table 1.2, rolling oil decarboxylation occurs between 250-450 



Chapter 1 - Introduction

  
 

36 

oC (scheme 1.17).61, 62 Cracking reactions occur at slightly higher temperatures and 

evolve short-chain, gaseous hydrocarbons and high molecular weight carbonaceous 

deposits (schemes 1.18A-1.18E; the radicals formed can also participate in hydrogen 

abstraction via scheme 1.11).61, 62, 108  

 

 

Scheme 1.17 Fatty acid decarboxylation, producing carbon monoxide and hydrocarbon. 

 

 

Scheme 1.18 Thermal cracking reactions (A & B) to form methane (C) and residue (D & E). 

 

Combustion leads to the removal of such deposits via the formation of carbon dioxide 

and water (scheme 1.19). 

 

 

Scheme 1.19 Complete hydrocarbon combustion producing carbon dioxide and water. 

 

Finally, during the cold rolled steel annealing process, further reactions between residual 

carbonaceous products, gaseous products, the annealing atmosphere and the steel surface 

may occur (schemes 1.20A-1.20). 
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Scheme 1.20 High temperature reactions between the steel surface, residual carbonaceous deposits, 

gaseous decomposition products and gas present in the annealing atmosphere. Reactions B-E are 

particularly relevant to the batch annealing process. 

 

The importance of triglycerides in the food industry has ensured that the thermo-

tion.  

DSC (including SCDSC and PDSC) and TGA techniques have been used extensively to 

te the mechanism and kinetics of triglyceride oxidation and decomposition11, 85, 101, 

11, 110, 111, 114 Numerous PDSC investigations have 

irmed the autocatalytic nature of the triglyceride oxidation process.113, 115 However, 

as noted above with respect to the lubricant industry, the majority of these studies are 

triglyceride 

sistance (with and without the addition of anti-oxidant packages) towards oxidation.85, 

 to the mechanisms involved in their decomposition 

nder continuous heating conditions85 or over extensive temperature ranges.116, 117 

Although the majority of such research has been performed by TGA, no studies have 

been reported on the relationship between triglyceride chemical properties and the level 

oxidative stability of naturally-occurring esters has received a great deal of atten

evalua
109-114 and the results obtained have been shown to correlate well with traditional 

methods for oil oxidation analysis.

conf

performed under isothermal conditions and are directed towards evaluating 

re
110-113 Comparatively little research has been done to relate the chemical characteristics 

of triglycerides, such as fatty acid saturation levels, chain length and structure (such as 

the presence of OH functionality),

u
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of residue remaining following triglyceride thermal decomposition. 

Dweck and Sampaio116 studied the thermal decomposition of canola, sunflower, corn, 

olive and soybean oils in air by simultaneous TGA and DTA between room temperature 

and 700 oC in order to compare oil thermal stability and calorific content. 

Decomposition of all the oils proceeded via four main steps. The first step was not 

ascribed to any particular chemical process, however it was noted that there was a 

relationship between the onset temperature of mass loss and the carbon chain length of 

the fatty acid components of the oils. Similarly, variations in the second and third mass 

loss steps observed for the oils were reported to be due to diffe atty acid 

composition. The fourth mass loss step was the only process to be chemically defined, 

ue was dependent on the preceding mass 

117

temperatures and percentage mass gained by the sample during the oxygen uptake 

rences in f

and was attributed to the removal of residual carbonaceous material. It was also 

hypothesised that the composition of this resid

loss processes. 

Santos et al.  evaluated the thermoanalytical, kinetic and rheological behaviour of a 

number of edible triglycerides in air. In contrast to the findings of Dweck and Samaio, 

the thermal decomposition of the oils was characterised by three mass loss events, which 

were attributed to the decomposition of polyunsaturated, monounsaturated and saturated 

fatty acids components. They noted that the onset of oil oxidation was typically 

indicated by a mass increase as a result of oxygen uptake. This mass increase was 

shortly followed by oil mass loss due to the formation of free radical oxidation products, 

such as peroxides and hydroperoxides, and the subsequent decomposition of these 

radicals into low molecular mass aldehydes and acids. Santos et al. also identified that 

the reactions of the monounsaturated esters during the second of the three mass loss 

events were likely to include polymerisation-type reactions leading to the formation of 

saturated products that were subsequently decomposed at higher temperatures during the 

final mass loss process. No persistent residues were detected at the maximum test 

temperature of 800 oC.  

Coni et al.98 have also studied the thermo-oxidative properties of vegetable oils, however 

their investigation was limited to the determination of the oxidation onset and endset 
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gain were not only 

aled that with increasing unsaturation, onset temperatures of mass loss 

mance under EP conditions. Two of the most common classes 

process. They found that the onset temperature and initial mass 

dependent on the chemical structure of the oil in question; the presence and 

concentration of naturally occurring anti-oxidants had a significant effect on oil 

oxidation. 

TGA has also been used to study the thermal decomposition of long chain (n=10 to 

n=22) fatty acids and esters under non-oxidising conditions. Shen and Alexander118 

showed that the mass loss process for saturated fatty acids is a zero order reaction and is 

therefore due to evaporation, as opposed to thermal decomposition. The thermal 

decomposition of a variety of saturated and unsaturated long chain fatty acids, together 

with catfish and menhaden oils, was studied by Sathivel et al.119 under nitrogen. They 

found that the thermal decomposition of the fatty acids was highly dependent upon both 

alkyl chain length and unsaturation. A comparison between C18:0, C18:1 and C18:2 

fatty acids reve

were lowered whilst the proportion of mass lost at low (100-350 oC) temperatures was 

increased. The majority of the unsaturated fatty acids were completely decomposed by 

400 oC, whereas complete decomposition of the saturated fatty acids was not achieved 

until 450 oC. TGA results for catfish and menhaden oil samples acquired at different 

stages throughout the oil refinement process showed that all oil samples were 

decomposed by 550 oC under nitrogen. The decomposition mechanism under this 

atmosphere was found to be non-oxidative; no oxygen uptake by the oils was observed. 

The only study to date on the thermal decomposition of long chain fatty acid methyl 

esters is reported by Dunn,120 who used PDSC and TGA to investigate the 

decomposition of biodiesel in air.  

 

1.2.3.2 Sulfurised Lubrication Additives 
Sulfurised additives are regularly incorporated into steel cold rolling oil formulations to 

improve lubricant perfor

of sulfurised EP additives are sulfurised hydrocarbons and sulfurised triglycerides. 

Representative chemical structures of these additives are shown in scheme 1.21. 
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Scheme 1.21 Structural representation of typical sulfurised hydrocarbons (A) and sulfurised 

triglycerides (B). 

 

Aside from the ester group in sulfurised triglycerides, the major reactive functional 

group present in sulfurised EP additives is the sulfide (S-S) linkage. The thermal 

decomposition reactions of sulfides are not only critical to their performance in 

lubrication applications; they are exploited in other areas of chemistry and engineering 

such as during the vulcanisation of rubber and in synthetic organic chemistry. A review 

of the literature in these areas, in addition to the literature concerning sulfurised 

lubrication additives, is therefore warranted as it can provide a fundamental insight into 

sulfur-compound thermal decomposition chemistry.  

Sulfides can participate in two main types of reaction: thermal scission and oxidation. 

Scission of S-S bonds can occur either homolytically or heterolytically (scheme 1.22).121 

omolytic scission is the typical sulfide decomposition pathway induced through the 

dicals (RS•). The ease with 

e reactivity of the sulfide, is 

H

application of heat and leads to formation of alkylthiyl ra

which homolytic S-S bond scission occurs, and therefore th

dependent upon the S-S bond dissociation energy, which is in turn influenced by the 

length of the sulfur chain and nature of the adjoining alkyl groups. Table 1.4 summarises 

the S-S and C-S bond dissociation energies of some typical sulfides. The values given 

cover the range reported in the literature.122-124 
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Scheme 1.22 Homolytic and heterolytic scission pathways for sulfides. 

 

Table 1.4 C-S and S-S bond dissociation energies of some typical organic sulfides.122-124 

Bond Dissociation Energy (kcal mol-1) at 298 K 
Compound 

C-S S-S 

HSSH - 63-67 

CH3SSH 60-67 64-67 

CH3SCH3 73-77 - 

CH3SSCH3 57-63 65-74 

C3H7SSC3H7 53 62 

(CH3)3CSH 68-79 - 

(CH ) CSSC(CH )  55-63 3 3 3 3 67-71 

C6H5SCH3 60-68 (CH3-S) - 

C6H5CH2SCH3 59 - 

C6H5SSCH3 69-87 (C6H5-S); 55-66 (CH3-S) 56-65 

C6H5SSC6H5 73-87 49-61 
 

It is evident that increasing the number of sulfur centres in the sulfide linkage lowers 

thermal stability, as does the presence of unequal, branched or longer alkyl chains 

adjacent to the sulfide linkage.123, 125 C-S bond scission occurs preferentially to S-S bond 
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scission in branched/unequally-substituted sulfides and will be considered in further 

detail below.125 

Alkylthiyl radicals formed via scheme 1.22 can participate in a vast array of competing 

processes/reactions including: 

• isomerisation, involving hydrogen transfer to form thiolated alkyl radicals (scheme 

1.23);123 

 

 

Scheme 1.23 Alkylthiyl radical isomerisation. 

 

• hydrogen abstraction (from a eme 

1.24) producing alkyl radicals, which can participate in radical re ination or 

hydrogen abstraction reactions as outlined above,123, 125, 126 and an alkanethiols, 

which decompose to generate a range of volatile products including hydrogen sulfide 

gas  hydrocarbons (schem A-1.25D).121, 123, 125-127 

 

llylic or, at higher temperatures, saturated sites; sch

comb

 (H2S) and es 1.25

 

Schem n abstraction by an al yl radical producing an alkyl ical and an 

alkane

 

e 1.24 Hydroge kylthi  rad

thiol. 

 

Scheme 1.25 Alkanethiol decomposition reactions generating H2S and hydrocarbons.  
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heme 1.26).121 Such reactions are exploited during vulcanisation of 

• addition to C=C bonds to form high molecular weight branched and/or crosslinked 

products (sc

rubber; 

 

 

Scheme 1.26 Alkylthiyl radical addition to C=C bonds to form branched/networked material. 

 recombination with other alkylthiyl/alkyl radicals formed by sulfurised additive 

 

•

decomposition, or with oxygenated radicals produced by C=C bond oxidation, to 

form a range of sulfurised hydrocarbons and oxygenated sulfurised hydrocarbons 

(schemes 1.27A-1.27B),65, 121, 123, 125-127 and 

 

 

Scheme 1.27 Recombination reactions of alkylthiyl radicals with other alkylthiyl radicals (A) and 

with alkyl and oxygenated radicals (B). 

 

• adhesion to metals to form thiolates (scheme 1.28A; note that this reaction can also 

occur for sulfides (scheme 1.28B) and alkanethiols (scheme 1.28C)).128 C-S bond 

cleavage can occur to generate metal sulfides and/or the sulfur group oxidise 

according to scheme 1.31 below to form metal sulfates. 
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Scheme 1.28 Reaction between alkylthiyl radicals (A),  alkanethiols (B) and sulfides (C) with a metal 

surface and subsequent C-S bond cleavage to form metal sulfides. 

 

The thermal decomposition of sulfurised additives is therefore critical to EP lubrication 

performance as it promotes additive decomposition and adsorption to metal surfaces to 

create tribochemical films which prevent metal-to-metal contact, thus minimising 

friction, welding and wear.128-131 Spectroscopic techniques have been extensively used to 

evaluate the effect of processing conditions (load, temperature) and sulfur additive 

 use of X-ray Absorption Near Edge Structure 

pectroscopy (XANES) to study the properties of films generated using several sulfur-

d ester) thermo-oxidatively 

ecomposed at temperatures ≥ 100 oC to form iron sulfate (FeSO4). In contrast, the films 

produced under EP and anti-wear (AW) conditions contained a mixture of products. 

Whilst the AW films, created using comparatively mild rubbing conditions, contained 

three forms of sulfur (small amounts of FeSO4 and FeS with the dominant product being 

chemical structure on the characteristics (chemical composition, thickness) of the 

resultant tribo-film.128, 130-133 The

s

containing additives on steel was reported by Najman et al.130, 131 In the first of these two 

studies,131 the composition of films formed under thermo-oxidative and tribochemical 

conditions was compared. All three of the sulfurised additive examined (sulfurised 

isobutylene, zinc dithiocarbamate (ZDTC) and sulfurise

d
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FeS2), the EP films contained only FeS and FeS2, with FeS (formed by FeS2 

decomposition and/or direct reaction between sulfur and metallic iron) being the major 

product due to the presence of high interfacial temperatures.  

The second of Najman et al.’s investigations reported the composition and properties of 

EP and AW films formed using binary mineral oil blends of sulfur and phosphorus-

containing additives.130 Although very little sulfur was detected in films formed under 

AW conditions (refer to discussion in section 1.2.3.3 below), the sulfur present in the EP 

films was once again predominantly comprised of FeS. FeS was also the major product 

detected by Lara et al.128 in their study on the chemical composition and growth kinetics 

of EP films formed by dimethyl disulfide and by Komvopoulos et al.132 for films formed 

on steel under boundary lubrication conditions at 32 oC and 100 oC. Komvopoulos et al

ical reactivity between the 

ulfur additive and the steel surface. Interestingly, both FeS and oxidised forms of sulfur 

inan

. 

also noted that FeS was only formed on the wear track and that the concentration of FeS 

was greater at 100 oC than at 32 oC due to increased chem

s

were detected on and off the wear track by a sulfur/phosphorus/metal deactivator 

additive blend. The purely thermal decomposition reactions between sulfurised olefin 

and iron oxides were studied by Riga et al.134 by TGA (under an atmosphere of nitrogen) 

with XRD analysis of residues at 500 oC and 1000 oC showing the presence of FeS and 

Fe3S4 respectively.  

Given the reactivity of sulfur lubrication additives with metal surfaces, it is perhaps not 

surprising that the presence of sulfur-containing compounds in fuels and lubricating oils 

has also been associated with the formation of sludge-like deposits.71, 126, 133 Fabuss et 

al.126 investigated the effect of typical organosulfur contam ts, including thiophene, 

benzenethiol, di-tert-butyl disulfide, diphenyl sulfide and diphenyl disulfide, on the 

thermal decomposition rate of several saturated pure hydrocarbons. It was found that the 

nature of the hydrocarbon (straight-chain, branched or cyclic) had a greater effect on the 

rate of decomposition than the chemical nature of the sulfur compound. However, the 

sulfur contaminants generally accelerated the rate of decomposition of branched 

hydrocarbons and inhibited the decomposition of straight-chained hydrocarbons. Fabuss 

et al. rationalised this observation by deducing that the majority of the sulfur compounds 
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es 1.27A-1.27B). 

studied would decompose at lower temperatures than the hydrocarbons, forming 

organosulfur radicals (RS•; refer to scheme 1.22 above) which could participate in 

hydrogen abstraction (scheme 1.24) or recombination reactions (schem

If hydrogen abstraction by RS• occurred preferentially to radical recombination, the rate 

of hydrocarbon decomposition would be accelerated and vice versa.  

C-S bond scission generally requires more energy to occur than S-S bond scission, 

especially in sulfides containing short S-S chains/homogeneous aliphatic alkyl 

substitution, and therefore tends to occur at higher temperatures.123, 125, 127 Schemes 

1.29A-1.29F illustrate the C-S scission reactions undergone by a typical sulfurised 

hydrocarbon, diisopropyl disulfide, resulting in the formation of propene and H2S.  

 

 

Scheme 1.29 C-S bond scission shown for diisopropyl disulfide (A) and reaction with 2-propanethiol 

(B) formed according to scheme 1.24, leading to the evolution of propene (C & E 2S (D & F). 

 

C-S scission reactions were used by Sundarrajan et al.135 to rationalise the products 

detected by pyrolysis-GCMS analysis of several saturated and unsaturated polysulfide 

polymers. The resultant alkylthiyl radicals participated in backbiting reactions, yielding 

a range of hydrocarbon-based and sulfur-containing aromatic and cyclised compounds 

such as benzenes and thiophenes. 

Other sulfur-containing functional groups, such as thiophenes and thiiranes, are also 

) and H
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present in sulfurised triglycerides. The high thermally stability of thiophenes (> 500 oC) 

is documented in the literature,126 however thiiranes are known to decompose at 

comparatively low temperatures (200-250 oC) via the formation of an excited transition 

state to form ethylene and elemental sulfur (scheme 1.30).125 

 

 

Scheme 1.30 Thermal decomposition of a thiirane to form elemental sulfur and ethylene. 

  

S-S bond oxidation proceeds via oxygen-sulfur coordination, subsequent S-S and/or C-S 

bond cleavage and/or further oxidation to form a variety of sulfones, sulfoxides and 

sulfur oxy-acids (scheme 1.31).65, 71, 136, 137 These species may subsequently decompose 

yielding products including volatile sulfur oxides (SOx), unsaturated and saturated 

hydrocarbons, sulfur compounds and non-volatile high molecular weight species.65, 123, 

125, 138, 139 

 

 

Scheme 1.31 Schematic representation of sulfide oxidation pathways. 

 

Reaction may also occur with C=C bond oxidation products via hydrogen/electron 

donation (radical scavenging) and/or catalytic decomposition to hinder the generation of 
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droperoxide build-up over 

 series of temperatures for several different additive concentrations. Dodecane 

oxidation was suppressed by ~ 68 % via the addition of n-hexyl disulfide at 0.2 % sulfur 

concentration. Thiophenol was found to be considerably more reactive and completely 

suppressed the formation of hydroperoxides when added at 0.03 % sulfur concentration. 

The differing activities of the two sulfur compounds were considered according to the 

mechanisms via which they inhibit the oxidation process. The detection of phenyl 

sulfide via GCMS analysis of decomposed thiophenol/dodecane provided evidence of 

 due 

to thiylphenyl radical resonance stabilisation. In contrast, disulfides cannot act as 

eroxide reducers by donating hydrogen to alkoxy radicals. Although it was considered 

that disulfide oxidation products such as sulfonic acid may react with dodecoxy radicals 

to inhibit hydroperoxide formation, no conclusive evidence was found.  

Several groups have used thermal analysis techniques including PDSC, TGA and DTA 

and/or the traditional oxidation techniques outlined in section 1.2.2.2 above to evaluate 

the anti-oxidant activity of sulfur-containing compounds.66, 69, 136, 140 Bala et al.69 used 

the GFC oxidation test together with viscosity, TAN and insolubles analysis to study the 

influence of sulfide chemical structure (aromatic vs. aliphatic, mono- vs. di- vs. tri-

sulfide) on base oil oxidative stability. The viscosity of the oil generally increased (due 

to the build up of high molecular weight oxidation products) with increasing sulfur chain 

ngth and through the use of cyclic as opposed to aliphatic substitution, whilst steric 

free radicals, giving rise to the anti-oxidant activity of organo-sulfur compounds, which 

has been studied in great detail.65, 71, 136, 139 In their investigation into the effects of n-

hexyl disulfide and thiophenol on the thermo-oxidative decomposition of dodecane, 

Morris and Mushrush71 measured oxygen consumption and hy

a

di

thiylphenyl radical formation and dimerisation. The temperatures at which phenyl 

disulfide was detected were too low for thiylphenyl radicals to be formed as a result of 

thiophenol thermal decomposition, therefore it was proposed that the thiophenol donated 

hydrogen via a redox reaction (radical scavenging) with dodecoxy radicals formed by 

dodecane oxidation. This reaction pathway was considered to be highly favourable

p

le

hinderance was attributed to the lesser viscosity increase observed for t-butyl as opposed 

to n-butyl substituted sulfides. Similar observations were made with respect to TAN and 
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rdance with the 

the % insolubles and the following order of the sulfides, from highest to lowest anti-

oxidant activity, was obtained: primary/tertiary alkyl monosulfides > primary/tertiary 

alkyl disulfides > cyclic disulfides/alkyl trisulfides.  

The effect of sulfur compound chemical structure (aliphatic sulfide, aromatic sulfide, 

mercaptan or thiophene) and concentration on the oxidative stability of a lubricating oil 

was also assessed by Ahmad et al.136 using DTA and TGA in conjunction with the IP-48 

oil oxidation test. Benzo-thiophenes and aliphatic mercaptans were found to be inactive 

due to their slow reaction with hydroperoxides. However, sulfides were found to 

successfully inhibit oil oxidation, with aliphatic sulfides exhibiting greater activity than 

aromatics. In accordance with the observations of Colclough65 and Willermet et al.139, 

Ahmad et al. noted that oxygenated derivatives (such as sulfoxides and thiosulfinates) as 

opposed to the sulfur compounds themselves functioned as oxidation inhibitors.  

Du et al.140 used RBOT to measure the oxidative stability of mineral oil blended with 

zinc dialkyl dithiophosphate (ZDTP), ZDTC or ZDTP/ZDTC mixtures and subsequently 

analysed the oxidised samples using FTIR and PDSC. ZDTP/ZDTC mixtures improved 

the oil oxidation performance to a greater extent than either of the individual additives. 

FTIR analysis confirmed the consumption of the anti-oxidants, however some build-up 

of oil oxidation products was detected. Interestingly, addition of the additives at 

different concentrations influenced both the shape of the PDSC oil oxidation exotherm 

as well as the oxidation onset and peak maximum temperatures. In acco

RBOT results, the ZDTP/ZDTC mixture increased the main oxidation exotherm peak 

maximum to higher temperature, indicating improved oxidative stability. However, the 

onset temperature was lower and this was attributed to the presence of greater levels of 

primary oxidation products (as opposed to secondary, aged oxidation products) in the 

ZDTP/ZDTC mixture sample due to inhibition of the oxidation process. Accordingly a 

small, low-temperature exothermic shoulder on the main oxidation exotherm, attributed 

to the primary oxidation products, was present in PDSC thermograms of blends 

exhibiting enhanced anti-oxidant performance. In samples displaying poorer oxidative 

stability, the low-temperature exotherm was absent and the main exothermic peak was 

sharper in profile, indicating rapid oil oxidation.  
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nking the anti-oxidant activities of 

PDSC was also used by Qiu et al.66 to evaluate the anti-oxidant activities of different 

organic sulfides in mineral oil and the results were correlated to data obtained by RBOT. 

OIT was found to be an unsuitable parameter for ra

the sulfides due to the significantly different isothermal conditions required to achieve 

oxidation. Therefore, constant heating-rate analysis was performed and several 

parameters, including the onset temperature, peak maximum temperature, peak enthalpy 

and maximum heat flow, were used to rank the stabilities of the oil/sulfide blends 

towards oxidation. No single parameter accorded to the sequence of the blends 

determined by RBOT. However, the values were then normalised and summed to give a 

‘comprehensive index’ value, which was found to accurately predict the anti-oxidant 

activities of the sulfides.  

 

1.2.3.3 Phosphorus-Based Lubrication Additives 
The reactions of phosphate-containing lubrication additives with metal surfaces to form 

thermally-stable decomposition deposits are well-known and form the basis of the AW 

properties of these compounds.141 Many authors have investigated the mechanisms via 

which phosphate additives decompose to form AW films together with how the 

composition of these films affects lubrication performance.130, 132, 139, 141-148 However, the 

majority of studies have focused on two of the most widely used additives, ZDTP139-142, 

149 and tricresyl phosphate (TCP).143-145, 150 

The preparation of tribochemical films from blends of ZDTP in engine oil base stocks 

and analysis of the films using reflection-absorption infrared spectroscopy was reported 

by Willermet et al.142 The obtained spectra were compared to those of model phosphate 

glasses and ZDTP thermal and thermo-oxidative degradation products formed in the 

absence of wear conditions. The results revealed that the tribochemical film spectra were 

analogous to those obtained for thermo-oxidatively decomposed ZDTP but differed 

slightly from the phosphate glass model compounds. It was therefore concluded that 

tribochemical film formation occurred via thermo-oxidative decomposition of the ZDTP 

to yield a mixture of amorphous short chain (-O-P-)n compounds (scheme 1.32) such as 
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d PDSC analysis (described in section 1.2.3.2 above) and by 

arpal et al.149 in their study on synergistic additive interactions.  

orthophosphates and pyrophosphates coordinated to metal cations. Polymeric 

metaphosphate glasses were not detected.  

Willermet et al.139 subsequently investigated the mechanism of ZDTP film formation in 

more detail and determined that following ZDTP adsorption and reaction with the metal 

surface, phosphate film precursors such as thionic acids (RO)2P(S)OH and 

phosphorothioate esters (RO)2P(S)OR were formed by the anti-oxidant activity of the 

ZDTP sulfur group. It was proposed that the ester groups present in these compounds 

were then subject to hydrolysis and condensation reactions leading to the growth of a 

phosphate chain which was terminated by further reaction with metal-containing species. 

The anti-oxidant activity of ZDTP has also been noted by Du et al.140 through the 

performance of RBOT an

S

 

 

Scheme 1.32 Structural representations of orthophosphate, pyrophosphate and metaphosphate 

anions.142  

  

ZDTP has also been implicated in the formation of engine piston deposits; Smith et al.133 

used various spectroscopic methods to determine that deposit formation commenced via 

the adsorption of the ZDTP phosphate groups to the metal surface followed by 
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1 and, in a later study, 

e characteristics of tribo-films formed under both EP and AW conditions by mineral 

oil blends of the above phosphorus additives with various sulfur-containing EP 

additives.130 In both studies, the tribo-films were found to comprise predominantly of 

iron(II) polyphosphates. Under AW conditions all three phosphate additives competed 

successfully with the sulfur additives for sites at the steel surface and under EP 

conditions, diphenyl phosphate and Irgalube were found to preferentially adsorb, 

blocking adhesion of the sulfur additives. 

TCP has been shown to form similar phosphate and polyphosphate-type films to those 

described for ZDTP. Perez et al.143 used micro-FTIR to characterise the chemical 

composition of TCP deposits produced by lubrication and DSC testing. They reported 

the formation of iron phosphate polymeric species which persisted at temperatures above 
o 144

 functional group-containing hydrocarbon oils on steel at low (~ 100 oC) 

mperatures. Whilst surface-bound phosphorus compounds were not detected in the 

competition between the TCP phosphate group and polar/oxidised moieties present in 

subsequent thermal and/or oxidative decomposition of the additive to form a variety of 

phosphates and polyphosphates.  

The detection of surface-bound phosphate moieties in the presence and absence of wear 

conditions has been confirmed by X-ray spectroscopic techniques.130, 132, 133, 145, 151 

Komvopoulos et al.132 noted that phosphorus-containing AW additives readily reacted 

with steel surfaces at low (≤ 100 oC) temperatures and that friction was not required for 

reaction products to form. Furthermore, phosphorus-containing additives successfully 

competed with ingredients such as sulfur EP additives and a metal deactivator for sites at 

the metal surface. These findings were supported by the work of Najman et al., who 

used XANES to investigate the effect of different phosphorus-containing additives 

(diphenyl phosphate, triphenyl phosphate and a commercial amine phosphate, Irgalube 

349) on tribochemical film thickness and chemical composition15

th

600 C. Similarly, Arezzo  described the aging mechanisms of TCP blends in polar and 

non-polar

te

polar oil/TCP blend, polyorganic phosphates were present for the non-polar oil/TCP. 

However, the amount of phosphate formed for the non-polar oil blend was found to 

decrease with increasing levels of oil oxidation. These observations were attributed to 
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films formed by wear and thermal decomposition of 

material. However, it was noted that reactions 

the base oil for adsorption sites at the steel surface.  

Several groups have studied the 

other phosphate-based lubrication additives, however the focus has once again been on 

lubrication performance.141 Murase and Ohmori42 used ToF-SIMS and IRRAS to show 

that the tribochemical films formed by chemisorption of various triaryl and trialkyl 

phosphate/phosphite additives on steel sheet comprised of organic iron polyphosphates. 

Infrared analysis was also used by Komatsuzaki et al.148 to examine the composition of 

films formed by reaction between organic acid phosphates and steel during the forward 

extrusion process. The films formed were comprised of organic iron phosphates and/or 

pyrophosphates and were effective in preventing welding between the steel and the 

extrusion workpiece. In a later study, Komatsuzaki and Uematsu147 assessed the 

antiseizure performance of a range of phosphorus-based additives in different base oils. 

The additives, in particular a polyoxyethylene alkylether phosphate diester, increased the 

maximum workable die temperature by preventing seizure and reducing the load 

required for forming. This was once again attributed to the formation of phosphorus-

containing reaction products at the metal surface. 

The research reported by Adhvaryu et al.146 also described how the tribofilm formed by 

reaction between an amine phosphonate/chemically-modified vegetable oil blend and 

steel comprised of a polyphosphate glassy 

between vegetable oil decomposition products and the phosphorus moiety in the additive 

to form fatty phosphates resulted in a synergistic effect on lubrication performance. 

An extensive investigation into the oxidative degradation of several phosphate esters has 

been reported by Cho and Klaus,150 who combined a thin film microoxidation test with 

Gel Permeation Chromatography (GPC) to study the mechanism and reaction products 

formed. The phosphate ester oxidation process was shown to be analogous to that of 

triglycerides, commencing via hydrocarbon chain oxidation followed by the successive 

formation of low-molecular weight products and high-molecular weight polymerised 

material. The polymerisation rate constant was roughly four times the primary oxidation 

rate constant, accounting for the tendency of phosphate esters to form sludge and 

varnish-like deposits.  
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to investigate the effects of high –

wards degradation in comparison to 

m ≥ 

ity’ was observed under the two different gas atmospheres. 

Considerably fewer studies have been undertaken 

temperature thermal processing on the surface and decomposition reactions of 

phosphate-based lubrication additives.152 Mathieu et al.153 investigated the chemical 

composition of reaction products formed by the thermal decomposition of several sulfur-

containing phosphate esters in a polyalphaolefin base stock by XPS and AES. They 

found that the additives decomposed temperatures above 400 oC to form FeSx and FePO4 

reaction layers several nanometres in thickness on the surface of metallic iron. The 

different additives displayed reactivities which were dependent upon their chemical 

structure, with a triaryl phosphate ester reacting at temperatures above 700 oC. It was 

noted that the absence of mechanical removal of surface layers by wear resulted in a 

different elemental surface composition due to the presence of greater amounts of oxide.  

Substantial research into the thermal and thermo-oxidative decomposition characteristics 

of various synthetic and commercial phosphate esters using DSC and TGA techniques 

has been performed by Shankwalkar et al.154-156 Their findings revealed that phosphate 

ester chemical structure plays a crucial role in additive thermal stability, with triaryl 

phosphate esters displaying superior stability to

trialkyl and alkyl-aryl derivatives under both oxidising and non-oxidising conditions. 

Under a nitrogen atmosphere, the DSC thermal degradation onset temperatures 

measured for triaryl phosphate esters were above 311 oC, whilst trialkyl and alkyl-aryl 

phosphate esters showed degradation at temperatures below 285 oC.154 The oxidation 

onset temperatures measured for the phosphate esters were much lower, ranging fro

200 oC for triaryl phosphates down to 150-200 oC for trialkyl and alkyl-aryl 

phosphates.155 These observations were ascribed to differences in the resistance of the 

hydrocarbon portion of the additives to thermal and oxidative degradation; aromatic 

groups possess enhanced thermal stability in comparison to aliphatic derivatives and are 

more resistant to hydrogen abstraction (oxidation initiation). Interestingly, whilst a 

relationship between additive molecular weight and TGA mass loss was established 

under an oxygen atmosphere, no such relationship was observed under nitrogen. This 

was associated with a lack of instrumental sensitivity, however it is not obvious why a 

difference in ‘sensitiv
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Shankwalkar et al. then compared the DSC and TGA results to determine whether 

additive mass loss was due to thermal degradation, oxidation or evaporation. Under 

nitrogen it was found that the initial mass loss undergone by all three types of phosphate 

ester resulted from evaporation as opposed to the evolution of thermal degradation 

products; volatilisation occurred at lower temperatures than the onset temperature of 

thermal degradation by DSC. In contrast, for many of the additives studied under an 

oxygen atmosphere, the TGA onset temperature of mass loss was greater than the 

oxidation onset by DSC such that mass loss was due to oxidative as well as evaporative 

phenomena. Only tert-butylphenyl phosphate esters underwent evaporation prior to the 

commencement of oxidative decomposition reactions. Despite the extensive nature of 

this research, Shankwalkar et al. did not investigate the reactions giving rise to 

phosphate ester mass loss during the more advanced stages of the thermal and thermo-

oxidative decomposition processes; the additives were only studied up to the 10 % mass 

loss level. Furthermore, no findings made concerning the relationship between 

phosphate ester chemical structure and the composition of residues present at 

temperatures above 350 oC. 

Residue levels formed by thermal decomposition of phosphate materials have been 

assessed more extensively in relation to fire retardant additives157, 158 and materials.159 

Kettrup et al.158 used thermal analysis techniques coupled with mass spectrometry to 

characterise the thermal decomposition of various phosphate-based fire retardant 

additives in air and under an inert atmosphere. The majority of additives decomposed 

via a two-stage mass loss process by TGA and formed significant amounts of ‘char-like’ 

residue which persisted to temperatures up to 700 oC.  

In summary, the thermal and thermo-oxidative decomposition processes undergone by a 

variety of different phosphate-based AW additives in the presence and absence of wear 

conditions have been studied extensively by a range of thermal analysis and 

spectroscopic methods. Although surface reactivity, high thermal and oxidative stability 

and low volatility have been identified as critical to the performance of phosphate-based 

additives in both lubrication and fire retardant applications, where metal surface 

cleanliness is crucial to the integrity of further treatments the persistence of phosphate 
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gh residue levels).  

ion process. Less is known about 

additive decomposition deposits may be detrimental. No studies have been undertaken to 

investigate the impact of phosphate lubrication additive-derived residues on hot dip 

metallic coating quality. 

 

1.3 Research Aims and Scope  
A review of the literature reveals that although rolling oil-derived residues are frequently 

cited as being detrimental to hot dip metallic coating quality and giving rise to the 

formation of uncoated defects, the majority of studies into the effect of processing 

conditions on hot dip metallic coating quality have focused on substrate oxidation and 

preheat temperature. No investigations have been specifically directed towards 

investigating the relationships between oil-derived residues and uncoated defect 

formation. Furthermore, little is known concerning the chemical nature of oil-derived 

steel surface residues, the processes via which such residues are formed during steel 

furnace cleaning and the effects of rolling oil formulation composition on residue 

formation (i.e. whether/which specific rolling oil ingredients are primarily responsible 

for giving rise to the formation of hi

In contrast, considerable knowledge exists regarding the process of automotive lubricant 

thermo-oxidative decomposition and a range of analytical techniques have been 

employed to study this process. Of these techniques, TGA and PDSC offer the greatest 

advantages including short experimental timeframe, small sample size, ease of sample 

preparation and flexibility in tailoring test conditions. However, the majority of studies 

have investigated the comparative stabilities of different lubricants towards oxidation 

and/or the kinetics of the thermo-oxidative decomposit

lubricant thermo-oxidative decomposition at temperatures above the onset temperature 

of oxidation. An useful PDSC-based technique for evaluating the deposit-forming 

tendencies of engine oils was developed by Zhang et al. in the early 1990’s, however 

attempts by Quaker Chemical to modify this technique for the evaluation of cold rolling 

oils have had limited success.  

In relation to the residue-forming tendencies and thermo-oxidative decomposition 
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tail with regard to applications in the food and lubricant 

dustries. The tendency of these classes of compounds to form thermally-stable 

mposition deposits is well-known and the chemical structure of such deposits has 

processes of particular rolling oil components, triglycerides and semi-/fully-synthetic 

base esters, sulfurised EP additives and phosphorus AW additives have been 

investigated in great de

in

deco

been identified in many cases. However, this information has not been applied in the 

context of the steel cold rolling/hot dip metallic coating process such that potential links 

between deposits formed by these compounds and the formation of uncoated defects are 

unsubstantiated.  

Given this context, the primary aim of the present study was to gain a more detailed 

understanding of how cold rolling oils and their thermal decomposition residues impact 

upon the formation of uncoated defects in 55Al-43.4Zn-1.6Si hot dip metallic coatings, 

as shown in figure 1.8.  

 

 

Figure 1.8 Overview of the aim of this thesis.  
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s in the chemical structure of rolling oil ingredients within specific 

oncentration of iron, on the rolling oil thermal decomposition 

and residue formation processes, and 

• methods for screening rolling oils/ingredients with respect to their likely impact 

upon hot dip metallic coating quality. 

Answers to these questions will facilitate the development of improved cold rolling oil 

formulations and aid in the optimisation of furnace cleaning conditions for enhanced hot 

dip metallic coating quality.  

Given the vast variety of cold rolling oil/steel/hot dip metallic coating compositions and 

furnace cleaning processes and the numerous different variables that can potentially 

impact upon residue/uncoated defect formation, the scope of this research was limited 

considerably. The impact of the cold rolling process and coil storage on rolling oil 

decomposition has been investigated comprehensively by others and is not considered in 

the present study. Therefore, the rolling oils used have not been applied as emulsions; 

neat oils have been used as the majority of water is evaporated during the rolling 

process, leaving the residual rolling oil film. Similarly, this research primarily involves 

cold rolling oils/ingredients used in the steel (as opposed to aluminium) cold rolling 

process.  

Knowledge was desired concerning: 

• which classes of rolling oil ingredients are primarily associated with the formation of 

uncoated defects in 55Al-43.4Zn-1.6Si hot dip coatings; 

• relationships between uncoated defect severity and the amount/chemical 

composition of residues formed by rolling oil/ingredient thermal decomposition; 

• the processes via which rolling oil ingredients decompose under thermo-oxidising 

and thermo–reducing conditions to leave thermally-stable residues and the chemical 

nature of these residues; 

• how variation

ingredient classes influences the amount/process of formation of thermally-stable 

decomposition residues; 

• the effect of different industrial process variables, such as furnace gas composition 

and the availability/c
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 hot dip metallic coating alloy investigated; other 

eference to uncoated defect 

w scope, findings made using this alloy 

lling oil film is removed within an atmosphere containing 

oxygen-containing species at the steel surface 

) for reaction with the rolling oil. A reducing 

 and solvent degreasing are not considered as they are not 

 the formation of bare spot, or uncoated, defects and therefore have a 

55Al-43.4Zn-1.6Si alloy is the only

coating compositions are not considered, nor are other processes for coating deposition. 

‘Hot dip metallic coating quality’ has been determined with r

severity (evaluated by defect size and surface coverage) as opposed to metallurgical 

aspects such as intermetallic phase/alloy overlayer composition and microstructure.  

A single grade of steel (G550, refer to table 2.3 in Chapter 2 and table 1.1 above) was 

used as the G550/55Al-43.4Zn-1.6Si combination represents BlueScope’s most common 

alloy coated product. Despite this narro

coating/steel grade combination may be applicable to other steels and metallic coatings.  

The primary cleaning process considered in this research is the continuous annealing 

process, whereby the cold ro

natural gas combustion products. Therefore, thermo-oxidative have been employed to 

simulate the partially-oxidised state of the cold rolling oil when it enters the continuous 

annealing furnace and the availability of 

(iron oxides) and in the furnace atmosphere (water, carbon monoxide, carbon dioxide 

and a small amount of molecular oxygen

HNX atmosphere has also been employed in many sections of this work such that 

findings may also be relevant to the batch annealing process. Alternative steel cleaning 

processes such as electrolytic

used extensively within Australia by BlueScope Steel® and they have been studied by 

others.49  

 

1.4 Thesis Outline 
Chapter 2 describes the general materials, sample preparation methods and 

characterisation techniques employed throughout this research; details pertaining to 

particular aspects of this work are provided in the relevant chapters.  

A review of the literature has shown that thermally-stable rolling oil-derived residues 

remaining on the steel surface following the cold rolling and furnace cleaning processes 

can cause
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y of 

 describes an analogous investigation utilising several different sulfur- and 

hosphorus-containing lubrication additives in both neat and ester-blended forms to that 

ore closely aligned 

substrate and iron oxide powder, which is used to increase the iron-to-oil ratio and 

detrimental effect upon 55Al-43.4Zn-1.6Si alloy coating quality. Identification of key 

rolling oil ingredients which thermo-oxidatively decompose to form residues which give 

rise to uncoated defects is of particular interest. Chapter 3 therefore investigates residue 

formation in the most prevalent and easily-modified class of rolling oil ingredients: 

esters. In 3.1, methyl esters are used as model compounds to evaluate the dependenc

the thermo-oxidative decomposition process and its products on ester alkyl chain 

unsaturation levels. This work is expanded upon in 3.2, whereby the residue-forming 

characteristics of a range of triglycerides and semi-/fully-synthetic commercial base 

esters of varying fatty acid composition are studied by PDSC, TGA and infrared 

spectroscopic techniques. A variation of Zhang et al.’s PDSC 2-peak technique25, 83, 84 is 

used to assess the residue-forming tendencies of the esters and the characteristics of ester 

residue formation under thermo-oxidative conditions are contrasted to those under a 

thermo-reductive HNX environment. Industrial and experimental hot dipping trials are 

performed to evaluate the impact of several of the esters upon 55Al-43.4Zn-1.6Si 

coating quality. The resultant uncoated defect severity is determined by visual, optical 

microscopy and SEM analysis and related back to ester chemical structure and residue 

amount/composition.  

Sulfur- and phosphorus-containing lubrication additive were identified in the literature 

review as promoting the formation of high levels of residue in a variety of lubricants. 

Given the widespread use these additives in commercial cold rolling oil formulations, 

Chapter 4

p

undertaken in Chapter 3.  

In Chapters 3 and 4 an aluminium substrate is employed in all thermal analysis and 

infrared studies to preclude interference from substrate oxidation and enhance PDSC test 

reproducibility. In order to rationalise these results within a context m

to industrial conditions, the effects of substrate composition and furnace atmosphere on 

the decomposition of a fully-formulated cold rolling oil are explored in Chapter 5. In 

5.1, iron is introduced into the rolling oil testing regime in the form of a cold rolled steel 
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d in Chapter 7.  

006 annual report: transforming our business. 

mimic the availability of iron fines formed by wear during cold rolling. The rolling oil 

thermo-oxidative decomposition process is monitored by TGA under these two 

conditions and compared to that using an aluminium substrate. Furthermore, high 

temperature laser scanning confocal microscopy is used to visualise the process of 

rolling oil removal from the cold rolled steel surface. The impact of four different 

furnace atmospheres, from non-oxidising through to highly oxidising, on the oil 

decomposition process in the presence of a steel substrate is then evaluated by TGA in 

5.2. The activation energy associated with oil decomposition events is calculated in both 

sections by Modulated Thermogravimetry (MTGA) and the Flynn-Wall-Ozawa 

method.160-162  

The impact of rolling oil formulations upon metallic coating quality is currently 

evaluated by performing industrial hot dip coating trials. These trials are both time-

consuming and costly so that a rapid, laboratory-based screening method is required to 

facilitate the formulation of improved rolling oils. The development of such a method, 

based upon TGA and PDSC analysis techniques, is described in Chapter 6.  

Finally, the conclusions drawn from this work together with recommendations for future 

research are summarise
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