
Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 843

Surface Characterisation Using
ToF-SIMS, AES and XPS of

Silane Films and Organic Coatings
Deposited on Metal Substrates

BY

ULF BEXELL

ACTA UNIVERSITATIS UPSALIENSIS
UPPSALA 2003



 

Dissertation for the Degree of Doctor of Philosophy in Engineering Science with 
specialisation in Materials Science presented at Uppsala University in 2003. 
 
ABSTRACT 
 
Bexell, U. 2003. Surface Characterisation Using ToF-SIMS, AES and XPS 
of Silane Films and Organic Coatings Deposited on Metal Substrates. Acta 
Universitatis Upsaliensis, Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Science and Technology 843. 59 pp. 
Uppsala. ISBN 91-554-5644-8.  
 

This work focuses on the surface and interfacial characterisation of 
silane films of a non-organofunctional silane, 1,2-bis(triethoxysilyl)ethane 
(BTSE), and an organofunctional silane, γ-mercaptopropyltrimethoxysilane 
(γ-MPS), deposited on Al, Zn and Al-43.4Zn-1.6Si (AlZn) alloy coated steel. 
Furthermore, a tribological study of a vegetable oil coupled to an aluminium 
surface pre-treated with γ-MPS is presented and, finally, the tribological 
response of thin organic coatings exposed to a sliding contact as evaluated 
by surface analysis is discussed. The main analyses techniques used were 
time-of-flight secondary ion mass spectrometry (ToF-SIMS), Auger electron 
spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS).  

The results presented in this thesis show that the combination of ToF-
SIMS, AES and XPS analysis can be used in order to obtain useful and 
complementary information regarding the surface and interface 
characteristics of silane films and organic coatings deposited on metal 
substrates.  

The major result regarding the silane films is that the silane film 
composition/structure is not dependent of pH-value during deposition or type 
of metal substrate. The presence of Si-O-Me ion fragments in the ToF-SIMS 
spectra is a strong indication that a chemical interaction between the silane 
film and the metal substrate exists. Furthermore, it has been shown that it is 
possible to bond a vegetable oil to a thiol functionalised aluminium surface 
and to produce a coating thick enough to obtain desired friction and wear 
characteristics. Finally, the use of ToF-SIMS analysis makes it possible to 
distinguish between mechanical and tribochemical wear mechanisms. 
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1  INTRODUCTION 

1.1 Background 

When painting aluminium, hot dip galvanised steel and AlZn-coated steel a 
chromating pre-treatment is usually used to improve the adhesion of the 
paint and the corrosion protection of the product. Hexavalent chromium is a 
very efficient corrosion inhibitor that has been used for a long time on for 
instance aluminium, zinc, cadmium and phosphated steel. Chromating, i.e. 
chemical surface conversion with solutions based on hexavalent chromium, 
can be used both to give a material a temporary corrosion protection and as a 
pre-treatment before painting. Hexavalent chromium is also used in some 
primers, especially the ones used in coil coating of metallised steel sheets, to 
increase the corrosion protection of the cut edges and at flaws in the paint. 
Since compounds that contain hexavalent chromium are allergenic, very 
toxic and carcinogenic they are a health risk in those working environments 
where they are normally handled [1]. Furthermore, chromium is one of those 
compounds that not should be spread in the environment. Research that has 
the objective to find new surface pre-treatments that can replace chromating 
in the surface treatment industry with more environmentally suited products 
has therefore high priority in many countries [2]. 
 
The need for new bonding techniques between organic polymers and 
inorganic surfaces arose in the 1940s when glass fibres were first used as 
reinforcement in organic resins [3]. The main problem with these early glass 
fibre resin composites was their pronounced reduction in strength during 
prolonged exposure to moisture. Since organofunctional silicones are 
hybrids of silica and of organic resins they were tested as coupling agents to 
improve bonding of organic resins to mineral surfaces. It was shown that the 
use of organofunctional silanes improved the wet strength of glass-resin 
composites. Since then, numerous silane-coupling agents have been 
developed and are today widely used in the industry to provide high strength 
polymer composites and to improve bonding of various polymeric coatings 
to inorganic surfaces. Inorganic surfaces usually refer to glass, silica, metals 
and metal oxides. It is during the last two decades that the use of silane 
coupling agents has emerged as an alternative to the usually used chromium 
based pre-treatments to improve adhesion and corrosion resistance between 
polymers and metals [4-7]. 
 
1.2 Short review on the use of  non-organofunctional silanes 

Organic silanes provide oxane bonds between organic adhesives and metals 
or glass, but the interface region is not highly cross-linked. Although silane 
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coupling agents are trifunctional in silanol groups there is a strong tendency 
for the silanols to condense to cyclic oligomers rather than to cross-linked 
structures [3]. The main idea of using non-organofunctional silanes is to 
obtain a high degree of siloxane cross-linking, which give water-stable 
bonds. However, rather few studies exist in the literature concerning the 
composition, structure and properties/performance of non-organofunctional 
silane films deposited on inorganic surfaces. The use of non-
organofunctional silanes was first suggested by Plueddeman and Pape [8]. 
Their objective was to enhance the performance of standard silane coupling 
agents in adhesion-promotion applications by adding cross-linking 
polyalkoxysilanes. They tested many different potential adhesion enhancers 
and their conclusion was that the preferred structure of a silane cross linker 
was (CH3O)3-Si-(CH2)2-Si-(OCH3)3 (1,2-bis(trimethoxysilyl)ethane, BTE). 
The wet adhesion bond strength of ethylene vinyl acetate were significantly 
improved when titanium and cold rolled steel were pre-treated with a blend 
of 10% BTE and 90% γ-methacryloxypropyltrimethoxy (γ-MAPS) silane 
[9]. The improved bond strength was assumed to be due to a highly cross-
linked siloxane network of BTE close to the inorganic substrate and a more 
diffuse γ-MAPS structure present away from the surface. Van Ooij and co-
workers have extensively studied the use of non-organofunctional silanes 
with the aim to improve the adhesion of paint and the corrosion resistance of 
metal substrates, see e.g. [7, 10-12] and papers summarising their work [4-
6]. The main non-organofunctional silane used in these works was 1,2-
bis(triethoxysilyl)ethane (BTSE). These studies include the effect of BTSE 
concentration, dipping time, temperature and solution pH on film thickness. 
It was shown that dipping time (varied between 1 to 30 min), temperature (in 
the range 5-50°C) and pH (between 3 and 12) have a negligible or very small 
effect on the film thickness. In contrast, the concentration of the BTSE in the 
silane solution was found to have a linear relationship to the thickness, see 
also [13], where a more systematic study of the film thickness of BTSE 
applied on aluminium was performed. A study of the hydrolysis kinetics and 
stability of BTSE in water-ethanol solution has been done by Pu et al. [14]. 
The most important observation in that work was that, in order to obtain a 
stable hydrolysed BTSE silane solution, the pH-value should be in the range 
4.5 – 5.0 and at pH-values higher than 6.5 the condensation is very fast. It is 
known that the pH-value of the BTSE silane solution can be adjusted up to 6 
before deposition on metal substrates until the properties of the silane film is 
reduced from a corrosion resistance point of view. This has have been shown 
in corrosion studies performed on Fe [7] and Al [15]. These studies showed 
that a BTSE silane film deposited in the pH-range 6 to 7 and to higher pH 
values gives a BTSE film of bad quality from a corrosion resistance point of 
view. Why the corrosion properties falls steeply at a deposition pH higher 
than 6 to 7 is not clear but is believed to depend on the reduction of silanol 
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species due to condensation in the solution, i.e. less active silanol groups is 
available to form bonds to the substrate. Except from the deposition pH-
value, BTSE silane solutions hydrolysed at a suitable pH-value and stored 
for a longer period than 2 weeks tends to condensate and give a less effective 
corrosion inhibiting silane film [15]. In contrast, a thicker BTSE film gives 
better corrosion properties. The dipping time (varied between 1 to 30 min) 
does not have any influence on the corrosion performance of a BTSE silane 
film [12]. Finally, since the BTSE silane has limited water solubility until 
the ethoxy groups of the silane are converted to hydrophilic silanol groups it 
first has to be dissolved in an appropriate solvent to avoid oligomerisation, 
and to maximise the hydrolyses rate and minimise the condensation rate the 
silane solution is acidified. Van Ooij et al. have studied four different 
organic alcohols and acids, respectively, when hydrolysing BTSE. All the 16 
combinations gave silane films of similar performance when tested by 
immersing the samples in 3% salt solutions [15].  
 
The work of van Ooij et al. has led to a two-step procedure where the BTSE 
silane is first applied to the metal surface and secondly an organofunctional 
silane is applied on top of the BTSE silane [16]. Since the BTSE molecule 
has six silanol groups available for reaction with the metal substrate and 
other silanol groups this will give a cross-linked dense film. The 
organofunctional silane has to be applied before the BTSE layer is 
completely cross-linked and still have silanol groups available to react with 
the silanol groups of the organofunctional silane. This will produce a double 
layer film with strong anchoring to the substrate and a high degree of 
organofunctionality. Thus, this two-step treatment orientates the 
organofunctional groups outwards, which is very important if the silane 
treated substrate is to be painted or bonded to some organic resin. The use of 
this two-step treatment has given promising corrosion performance results 
on steel [12] and on aluminium [15, 17]. 
 
Van Ooij and co-workers were the first to utilise the BTSE silane to inhibit 
corrosion on metal substrates. Consequently, most of the publications 
dealing with the BTSE silane are coming from van Ooij´s group at the 
University of Cincinnati, but the number of research papers done by others 
has increased during the last years. Puomi and Fagerholm investigated the 
corrosion properties on hot-dip galvanised steel (HDG) pre-treated with 
different silanes and painted with polyester (PE) or polyurethane (PUR) 
primers [18]. They did not use the two-step silane treatment. The silane 
treated HDG substrates were compared to Cr and Zr acid rinsed substrates. 
Their results showed that both the Zr acid rinsed and silane treated substrates 
had better or similar corrosion resistance than the Cr acid rinsed reference 
substrates. Also, it was noted that the adhesion between BTSE treated 
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substrates and the PUR primer was poor due to lack of organofunctional 
groups on the BTSE, which however did not affect the corrosion resistance 
of the treated HDG substrates. Underhill and Duquesnay studied the 
corrosion inhibiting effects of different silanes deposited on Al alloys (7075 
T6 and 2024 T3) with electrochemical impedance spectroscopy (EIS) [19]. 
Among the silanes used were BTE, γ-mercaptopropyltrimethoxysilane (γ-
MPS) and γ-glycidoxypropyltrimethoxysilane (γ-GPS). They used γ-GPS as 
a reference and the results showed that both BTE and γ-MPS had better 
corrosion properties than γ-GPS where γ-MPS performed best and BTE as 
second best. Also in the wedge tests the γ-MPS performed best and the BTE 
silane gave similar results if used in combination with an organofunctional 
silane. Franquet et al. determined the thickness of BTSE deposited on Al as a 
function of curing conditions (200 °C at different times) with infrared 
spectroscopic ellipsometry (IRSE) [20]. They found that the thickness of the 
BTSE silane film decreased with curing time compared to a non-cured BTSE 
silane film. Also, the BTSE silane film becomes denser and reactions 
between silanol groups led to formation of more siloxane bonds by curing. 
Kent and Yim studied the interaction between a BTSE silane film deposited 
on a silicon wafer and moisture with neutron reflection (NR) [21]. The 
samples were exposed to air saturated with water for 48 h. Their result 
indicates that unhydrolysed ethoxy groups in the BTSE silane film are 
hydrolysed upon exposure to water to form silanol groups. The silanol 
groups condense to siloxane bonds and liberate water. They conclude that 
little free water is present within a BTSE silane film in air saturated with 
water.  
 
The information obtained from the literature concerning the BTSE silane 
solution and the effect of the silane solution properties and post-treatments 
on the properties of the resulting BTSE silane film is summarised below. 
 

q To achieve a maximum of reactive silanol groups on the BTSE 
silane in the silane solution the BTSE should be hydrolysed at a pH-
value between 4.5 and 5 for 24h. The choice of acid does not seem 
critical. 

q Unhydrolysed ethoxy groups hydrolyse in contact with moisture to 
silanol groups, which subsequently condense to form siloxane 
bonds. 

q The BTSE silane solution is stable for ~2 weeks at a pH of 4.5 to 5. 

q The pH-value of the silane solution should not be higher than 6 
when the BTSE silane is deposited on a metal substrate in order to 
not reduce the corrosion resistance. 
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q The BTSE silane must be diluted in a solvent before hydrolysis. The 
choice of solvent does not seem critical. 

q Post heat treatment gives a reduced thickness and a denser BTSE 
silane film with increased curing time compared to a non-cured 
BTSE silane film.  

q The thickness of a BTSE silane film seems to be more or less 
independent on dipping time, temperature and pH-value of the silane 
solution. 

q The thickness of a BTSE silane film is linearly dependent on the 
concentration of BTSE in the silane solution. 

q The corrosion resistance increases with the thickness of the BTSE 
silane film. 

 
1.3 Short review on the use of  γ-MPS 

The reason behind using the γ-MPS silane in surface treatment applications 
is more diversified than for the BTSE silane. This is of course because of the 
organofunctionality of the γ-MPS silane. Ironically, it is often not in organic 
systems the thiol functionality of the γ-MPS silane is used most. Instead it is 
the well-known ability of the thiol group to bond to noble metal substrates 
(Au, Ag, Pt etc.) that is utilised (e.g. [22] on Pt, [23] on Au and [24] on Ag). 
In the cases when the γ-MPS silane is bonded to a noble metal substrate the 
silane is not hydrolysed prior to substrate treatment since the interesting 
bonding mechanism is the thiol-substrate bonding. What is of interest in this 
work is primarily the bonding to a substrate surface via the silicon end of the 
γ-MPS molecule. This has been reported in some papers on non-metal 
substrates such as glass substrates e.g. [25], and on silicon substrates e.g. 
[26]. In the case of metal substrates γ-MPS has been used on for example 
mild steel [27], different aluminium alloys such as 7075-T6 [28], 2024-T3 
[19] and pure Al (99.9%) [29], and on Cd, Cu and Zn [30]. The aim of using 
the γ-MPS silane on metal substrates is mainly as a replacement for other 
pre-treatments and as an adhesion promoter for organic coatings, i.e. to 
inhibit corrosion. Unfortunately there is little information in the literature 
concerning optimum hydrolysis conditions (i.e. pH-value, solvents etc.), 
solution stability (i.e. at which pH-value the condensation is fast etc.) and 
how post-deposition treatments affect the γ-MPS silane film. Only in the 
paper of Beccaria et al. [27] is the influence due to different pH-values 
discussed. They concluded that the hydrolysis and condensation kinetics is 
favoured at pH6. In most of the studies an acidic pH-value (i.e. pH < 7) is 
chosen probably due to the well-known fact that acidic hydrolysis of a silane 
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normally gives fast hydrolysis and slow condensation in the silane solution 
[31, 32]. The solvent used is normally an alcohol. 
 
When Underhill and Duquesnay compared five different silanes deposited on 
an Al-alloy with EIS measurements they found that the γ-MPS silane had the 
best corrosion properties of the investigated silanes [19]. The corrosion 
properties were further enhanced with a thicker silane film, which was 
produced with a higher concentration of γ-MPS in the silane solution. 
Walker used five different silanes as pre-treatment primers on Cd, Cu and Zn 
for polyurethane and epoxide paints. He studied the initial bond strength and 
the retention in bond strength after exposure to accelerated weathering. All 
silanes improved the initial bond strength and the γ-MPS silane was the most 
effective in improving the retention of bond strength after accelerated 
weathering on all substrates [30]. 
 
To sum up the information from literature it seems that the pH-value of the 
γ-MPS silane solution should be around 6 and, as for the BTSE silane, 
thicker γ-MPS silane films is formed if the concentration of γ-MPS in the 
silane solution increases. 
 
1.4 Recent development (the future?) 

The major drawback of using BTSE is the low pH-value at which BTSE is 
stable. This limits the use of BTSE on substrates which are not stable at low 
pH-values, e.g. zinc. Another complicating factor using BTSE is the non-
organofunctionality of the BTSE silane, which makes the two-step treatment 
of a metal substrate necessary if the metal is to be painted or treated with 
some organic resin. To still have six silanol groups available for bonding and 
cross-linking and having an organofunctionality in the silane, the use of bis-
functional silanes has emerged as promising candidates to replace the two-
step treatment [33, 34]. A bis-functional silane has the general structure 
X3Si(CH2)nY(CH2)nSiX3, where X represents alkoxy groups, and Y an 
organofunctional group. The bis-functional silanes studied so far are bis-
(trimethoxysilylpropyl)amine (bis-amino silane) and bis-
(triethoxysilylpropyl)tetrasulfide (bis-sulfur silane) with the structures 
(H3CO)3Si(CH2)3NH(CH2)3SiX(OCH3)3 and (H5C2O)3Si(CH2)3S4(CH2)3-
SiX(OC2H5)3, respectively. These bis-functional silanes have the advantage 
of being stable at higher pH-values than BTSE thus being able to deposit on 
a larger variety of metal substrates. Also, since the organofunctional group in 
the bis-functional silanes is incorporated in the molecular structure a silane 
treated metal can be cured to give dense highly cross-linked silane film.  
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1.5 Environmental/health effects of  alkoxysilanes 

In general it is thought that alkoxysilanes have significant environmental 
benefits compared to chromates and normal industrial use will probably not 
result in any direct health risks. Short-term harmful health effects are not 
expected from vapour generated at ambient temperature when inhaled. 
Inhalation of high vapour concentrations may cause a burning sensation in 
the throat and nose, stinging and watering in the eyes. At concentrations 
which cause irritation, dizziness, faintness, drowsiness, nausea and vomiting 
may also occur. Brief skin contact may cause slight irritation with itching 
and local redness. Prolonged skin contact may cause more severe irritation, 
local redness, swelling and possibly tissue destruction and should therefore 
be avoided. Direct eye contact may give severe irritation and cause chemical 
burns on the cornea if not treated immediately. Swallowing may cause 
poisoning since alkoxysilanes hydrolyse to silanols and alcohols, e.g. 
methanol or ethanol, in the stomach [35-37]. No mutagenic or cancerogenic 
effects have been proven. When alkoxysilanes hydrolyse a water solution of 
silanol and an alcohol is produced. When silanols condense stable Si-O-Si 
bonds are formed similar to the bonds in e.g. sand. A condensed 
(polymerised) silane is non-toxic.  
 
1.6 Thin organic coatings in sheet metal forming 

In most sheet metal forming operations lubrication is necessary in order to 
avoid direct contact between the sheet metal and tool [38]. If the lubrication 
film breaks down during the forming operation it will cause direct contact 
between the sheet metal and tool which can lead to high friction forces and 
transfer of the softer sheet metal to the tool surface, i.e. galling. Today, 
mainly three concepts exist to reduce problems such as high friction forces 
and a high tendency to galling. The first focuses on the sheet metal, i.e. the 
deposition of a thin dry lubricant on the sheet metal, while the second 
focuses on the tool, i.e. the deposition of a thin coating, able to reduce 
friction and wear, on the forming tool. The third and still most common 
concept is liquid lubrication. However, today this concept is of less interest 
due to its negative environmental impact on the workshop environment, the 
need of volatile organic solvents for cleaning, etc.  
 
Dry lubricants are generally classified into inorganic and organic 
compounds. The inorganic class includes laminar solids, e.g. graphite and 
MoS2, non laminar solids, e.g. PbO and CaF2, and soft metals such as Pb and 
Sn. The organic class includes various types of fats, soaps, waxes and 
polymers. In general, two types of dry lubricants exist on the market, 
temporary and permanent dry lubricants. A temporary coating should be 
cleanable and removed after the sheet metal forming process while a 
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permanent coating not will be removed after the forming process. The latter 
type reduces the cost for cleaning agents and for destruction of used cleaning 
agents at the workshop. The idea is that the dry lubricant should be applied 
onto the steel sheet by the steel manufacturer thus making the process cost 
effective. Beyond improving the formability without the use of liquid 
lubricants these coatings can be optimised to give corrosion protection, 
fingerprint and scratch resistance during transport and handling, and finally, 
serve as a pre-treatment before painting. Consequently, the interest of 
permanent dry lubricants has increased during the last years. Recently thin 
solid organic coatings have been introduced on the market with the intention 
of improving the performance in sheet metal forming [39-43].  
 
Typical polymer based permanent coating formulations consist of a resin 
(coating forming material) and different types of additives, e.g. forming 
additives and corrosion inhibitors [42]. The main function of the resin in a 
permanent coating is to hold the functional additives on the surface, i.e. the 
binder itself does not need intrinsic functional properties. However, the resin 
material should have a sufficient load carrying capacity, chemical resistance 
and wear resistance. Resins may be organic or inorganic, or combinations of 
these. Forming additives, e.g. waxes, are included in order to reduce the 
coefficient of friction as well as the adhesion between the tool and steel sheet 
during the forming process. Finally, corrosion inhibitors, e.g. chromates, are 
added in order to provide the required transit corrosion protection of the steel 
sheet. It has been shown that thin solid organic coatings enhance the forming 
properties (reduced friction and improved galling resistance) of hot-dip 
coated steel sheets [IX, A-C]. 
 
1.7 Aim of  this work 

The aim of this work is to contribute to the understanding of how the non-
organofunctional silane BTSE and the organofunctional silane γ-MPS 
interact with different metal substrates by: 
 

q studying the structure of thin films of the non-organofunctional 
silane BTSE and to evaluate if the solution pH, solvent used or 
different metal substrates have any influence on the resulting 
structure and/or alignment of the silane (papers I and II). 

 
q studying the interface between a non-organofunctional silane and 

different metal substrates with the main purpose to evaluate the 
supposed existence of metal-oxygen-silicon bonds between silanes 
and metal substrates (paper III). 
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q studying the surface retention with ageing time and the distribution 
of the non-organofunctional silane BTSE on as-received Aluzink 
samples (paper IV). 

 
q studying the structure of thin films of the organofunctional silane γ-

MPS and to evaluate if different metal substrates, solution pH or a 
pre-deposited BTSE silane film have any influence on the resulting 
structure and/or alignment of the silane (papers V and VI). 

 
q studying if a vegetable oil can be anchored to a metal substrate by 

the use of the organofunctional silane γ-MPS and evaluate the 
tribological characteristics of different post-treated silane-vegetable 
oil films (paper VII). 

 
Furthermore, ToF-SIMS analysis of thin organic coatings deposited on AlZn 
coated steel substrates were performed with the intention to investigate 
whether a tribological contact situation induce any changes in chemical 
composition of the organic coatings (papers VIII and IX). 
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2 BASIC SILANE CHEMISTRY 

2.1 Silane chemical structure  

Silane coupling agents are a family of organosilicon monomers, which are 
characterised by the general structure R-SiX3. R is an organofunctional 
group attached to silicon in a hydrolytically stable manner. X designates 
hydrolysable alkoxy groups (usually methoxy, -OCH3 or ethoxy, -OC2H5), 
which are converted to silanol groups by hydrolysis. Most commonly R is 
composed of a reactive group R’ separated by a propylene group from 
silicon, R’–CH2–CH2–CH2–SiX3. The reactive group can, for example, be 
vinyl (-HC=CH2), amino (-NH2), mercapto (-SH) or can contain several 
chemical functional groups. The attached reactive organic functional group, 
R’, is specifically tailored for the intended resin or paint system. Non-
organofunctional silanes or silane cross linkers have the general structure 3X-
Si-R-Si-X3 where R = (CH2)2 is one example. 
 
2.2 Hydrolysis and condensation of  alkoxysilanes 

Most silanes are deposited from aqueous solutions or organic solutions 
containing water. If the silane should interact with an inorganic surface and 
thus form chemical bonds at the interface it must first be converted to the 
reactive silanol form by hydrolysis: 
 

R–SiX3 + 3H2O → R–Si(OH)3 + 3HX 
 
This hydrolysis can occur directly on the substrate surface by reaction with 
water on the surface or in the resin, or in a previous step during preparation 
of the aqueous solution of the coupling agent.  
 
The silanol form of the silane reacts to form dimers according to the reaction 
 

H2OOH

OH

OH

SiO

OH

OH

SiRR

OH

OH

SiHOOH

OH

OH

SiR + +

 
 
and in time to polymers or it could graft onto a hydroxylated surface 
according to 
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R

OH

OH

Si O H2OOH

OH

OH

SiR HO+ +

 
 
It is important to understand that the hydrolysis and condensation reactions 
occur simultaneously but that the hydrolysis reaction is rapid for most 
silanes and the condensation reaction slow in the presence of slightly 
acidified water (pH 3-6) [32]. Thus, acidic solutions are preferred to 
maximise solution life for silanol species. Due to competitive condensation 
the silane concentration should not exceed 1 to 10%, depending on type of 
silane.  
 
Most commercial silanes have limited water solubility until the alkoxysilane 
groups of the silane are converted to hydrophilic silanol groups. To be able 
to hydrolyse non water-soluble silanes and to avoid oligomerisation they 
first have to be dissolved in an appropriate solvent. Usually an alcohol is 
used for this purpose. The use of alcohols to promote dissolution of the 
silane can lead to the “backward” reaction called alcoholysis [44], which can 
slow down the hydrolysis reaction. An example of this type of reaction is 
 

C2H5OHOCH3

OC2H5

OC2H5

SiRCH3OHOC2H5

OC2H5

OC2H5

SiR + +

 
 
where the ethoxy group of the silane is exchanged with methoxy group of 
the alcohol. This will slow down the hydrolysis reaction but will stabilise the 
silanol solution for a period of time [32].  
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3 CHARACTERISATION TECHNIQUES 

In this chapter the spectroscopic techniques used to characterise the 
chemistry of the different surfaces and pre-treatments investigated will 
briefly be described. Also, the tribological testing method used will be 
described. The spectroscopic techniques used were AES [45-47], XPS [45, 
48, 49] (also called ESCA, which is an acronym for Electron Spectroscopy 
for Chemical Analysis) and ToF-SIMS [48, 50, 51]. These spectroscopic 
techniques can provide qualitative, and in certain cases quantitative, analysis 
of the chemistry of the surface (information depth 0.1 – 5 nm). 
 
3.1 Auger electron spectroscopy 

When a surface is irradiated with an electron beam the constituents of the 
surface can be excited to ions if the energy of the incident electrons is larger 
than the ionisation threshold. Relaxation of the ionised atoms can occur by 
filling the core vacancy with an electron from an outer shell. The relaxation 
energy can dissipate either as an emitted x-ray photon or it can be given to a 
second, emitted, electron, an Auger electron, see Fig. 1. In both cases the 
emitted x-ray photon/Auger electron signal gives information characteristic 
of the elements from which they are emitted. Auger electron emission is the 
more probable decay mechanism for low energy transitions, i.e. for low 
atomic number elements with initial vacancy in the K shell and for all 
elements with initial vacancies in the L and M shells. 
 
Auger electron spectroscopy is a very surface sensitive analysing method. 
This is due to the relatively short inelastic mean free path for Auger 
electrons, i.e. the transportation of emitted electrons, generated in the solid, 
to the surface can only occur from a certain depth. In general, the inelastic 
mean free path increases with increasing kinetic energy (of the Auger 
electrons) and decreases in matrices of increasing average atomic number. 
Furthermore, AES makes it possible to detect all elements except for H and 
He and in certain cases it is possible to obtain information of the chemical 
bonding of the surface atoms.  
 
In dedicated Auger systems is the spectrometer often combined with a 
detector for secondary electrons. Hence, with a focused and rastered electron 
beam it is possible to obtain a secondary electron image and elemental maps 
of the same area of the sample surface. Auger electron spectra are easily 
acquired from selected points or areas of the surface. This type of Auger 
instrument is called scanning Auger microprobe (SAM). An SAM is often 
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equipped with an ion gun, thus enabling ion etching of the surface to 
produce elemental depth profiles. Auger peaks can have different shapes 
and/or the kinetic energy of the Auger transitions of interest can shift 
depending on the chemical environment. This can be used if the acquired 
data of a depth profile are examined for peak shape changes and energy 
shifts as a function of depth and by using linear least square fitting different 
chemical states of the elements found can be extracted.  
 
Depth profiles and survey spectra are usually quantified to determine the 
composition. The general expression for determining the atomic 
concentration, ca, of any element in a sample can be written as: 

 
∑

=

i
ii

aa
a sI

sI
c

/
/

, (1) 

where Ia is the peak to peak height of the differentiated Auger peak from 
element a. The relative sensitivity factor for element a is denoted sa. The 
index, i, is a summation index for the elements included in the 
quantification. Since measurements usually are performed on heterogeneous 
samples, while the sensitivity factors are calculated from pure element 
standards, the quantification is said to be only semi-quantitative.  

 
 
 a) b) 
 
Figure 1. Schematic diagram of Auger electron emission (a) and x-ray 

fluorescence emission (b). The incident electron causes the 
ejection of a K-shell electron. 
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3.2 X-ray photoelectron spectroscopy 

The principle of the XPS technique is the emission of electrons from atoms 
by absorption of photons. The sample is often irradiated with monoenergetic 
x-rays, and usually Mg Ka (1253.6 eV) or Al Ka (1486.6 eV) is used. XPS 
is similar to AES in the way that it is the kinetic energy of the photoelectrons 
emitted from the sample surface that is analysed. Photoelectron emission 
occurs when a photon transfers its energy to an electron, and a photoelectron 
can be emitted only when the photon energy is larger than the binding 
energy of the electron. The emitted photoelectrons have kinetic energies, 
Ekin, given by: 
 
 Ekin = hν – Eb – F , (2) 
 
where hν is the energy of the photon, Eb is the binding energy of the atomic 
orbital from which the electron originates and F  is the work function of the 
spectrometer (assuming conductive samples). As the energy of the photons 
and the spectrometer work function are known quantities, the measurement 
the electron binding energies can be obtained by measuring the kinetic 
energies of the photoelectrons. Similar to AES the relaxation energy can 
dissipate either as an x-ray photon or it can be given to a second electron, an 
Auger electron. Since the emission of x-ray photons is low in the energy 
range used in XPS, photoionisation normally leads to two emitted electrons: 
a photoelectron and an Auger electron.  
 
XPS is a very surface sensitive analysing method. This is due to the 
relatively short inelastic mean free path for the photoelectrons and the Auger 
electrons, i.e. the transportation of emitted electrons, generated in the solid, 
to the surface can only occur from a certain depth. Using XPS it is possible 
to detect all elements except for H and He. An XPS spectrum shows the 
number of photoelectrons as a function of binding energy. The spectrum will 
be a superposition of photoelectron and Auger lines with accompanying 
satellites and loss peaks and a background due to inelastic scattering in the 
substrate. However, the main advantage of using the XPS-technique lies in 
the fact that the binding energy of a photoelectron is sensitive to the 
chemical surrounding of the atom, i.e. there is a chemical shift in the binding 
energy. These shifts are very important since they provide a tool to identify 
individual chemical states of an element. Unfortunately, it is not always 
straightforward to interpret these chemical shifts because they depend both 
on initial and final state effects. In general, the chemical shift increases with 
increasing positive charge of the element of interest, e.g. the C1s binding 
energy is observed to increase monotonically as the number of oxygen atoms 
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bonded to carbon increases (Eb(C-C) < Eb(C-O) < Eb(C=O) < Eb(O-C=O) < 
Eb(O-(C=O)-O)). 
 
As in AES it is possible to perform sputter depth profiling of a sample to 
obtain elemental distribution as a function of depth. Another way to obtain 
compositional information as a function of depth is by tilting the sample 
relative to the analyser, which decreases the effective sampling depth, i.e. 
makes the analysis more surface sensitive, see Fig. 2. 
 

 
 
Figure 2.  By maintaining the x-ray source and detector in fixed positions, 

the effective sampling depth decreases by a factor of cos Θ. The 
angle Θ is defined relative to the normal to the surface. From 
Ref. [49]. 

 
This non-destructive depth profiling method can be used only if it is the 
uppermost 60-80 Å (corresponds to the sampling depth of XPS using 
conventional x-ray sources) of the sample that is of interest. Since the 
photoelectrons originate only from the close surface region, tilting the 
sample makes the analysis more surface sensitive, which makes it possible to 
draw conclusions about, for example, compositional organisation and 
molecular orientation of adsorbed species at the sample surface, see Fig. 3.  
 
It should be noted that in paper VI is the electron take of angle (TOA) 
defined with respect to the surface and not, as above, to the surface normal, 
i.e. TOA = Θ-90. Thus, a small TOA makes the analysis more surface 
sensitive and a high TOA makes it more bulk sensitive.  
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Figure 3.  The arrangement of the surface constituents will influence the 

angular dependence of the XPS signal intensities. The intensities 
I1 and I2 originate from grey and white atoms, respectively. (a) 
The ratio I1/I2 will be constant at any sample angle for a sample 
with homogeneously distributed atoms. (b) When the sample is 
tilted the photoemission signal will localise closer to the 
outermost surface. Therefore, when a sample, with an overlayer 
of grey atoms is tilted, the intensity from the grey atoms (I1) will 
increase relative to the intensity from the white atoms (I2) with 
increasing tilt angle. The ratio I1/I2 will increase in an 
exponential manner. From Ref. [49]. 

 
3.3 Time of  flight secondary ion mass spectrometry 

Since most of the work in this thesis is based on results from measurements 
by the ToF-SIMS technique, a somewhat extended description using the 
ToF-SIMS technique is included.  

3.3.1 Surface mass spectrometry 

Analysis and identification by mass spectrometry is possible only for free 
ions in the gas phase. Thus, two requirements must be fulfilled for all types 
of surface mass spectrometry. Firstly, the surface constituents to be 
identified must be transformed into the gas phase, and secondly, these must 
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be ionised. In the case of molecular surface constituents these operations 
must be performed in such a way that the probability of fragmentation is 
acceptably low. The energy needed can in principle be supplied by heating, a 
strong electrical field or by bombarding the surface with electrons, atomic or 
molecular particles or photons. However, most of these excitation methods 
are not suited for surface analysis. Heating a surface, that is to be analysed, 
will in general cause large changes in its chemical constitution. Detachment 
and ionisation of surface particles by an electrical field requires extremely 
high fields, which can only be produced at a sharp tip with a very small 
radius of curvature. Desorption of ions by electron bombardment occurs very 
selectively for certain types of surface species in particular bonding 
situations. In contrast, bombardment with fast ions, neutral particles or 
irradiation by laser light of sufficiently high intensity results in the removal 
of material from any type of solid surface. However, controlled removal of 
surface material in the monolayer and submonolayer regimes with a lateral 
resolution in the submicron range in a way that is independent of type of 
material is only possible with a particle beam and not with laser irradiation. 
This is because of the different nature of energy transfer process from the 
primary beam to the solid surface and the difference in the focusing 
capabilities. Ion beams can be focused down to less than 50 nm in diameter 
while it is very difficult to focus a laser beam down to less than 1 µm in 
diameter. 
 
All surface mass spectrometric methods are in principle material consuming 
(destructive) forms of analysis and at least those particles detected by the 
mass spectrometer are consumed. The total amount of substance available 
for the analysis is thus limited to the number of atoms or molecules present 
in the top monolayer of the area that is analysed. For an area of 1µm2 this is 
in the order of 106 particles. If one also considers the ionisation probability, 
which for most surface constituents is less than 10-4, it is obvious that for an 
effective surface analysis one needs a mass spectrometer that detects 
practically all ions generated.  
 
A mass spectrum from a mixture of organic molecules, e.g. a polymer, can 
consist of many hundreds or thousands of lines, whose origin and 
distribution is at first unknown. Thus one needs a wide mass range and a 
high mass resolution and it is essential that all ions generated are detected. 
Consequently, instruments employing magnetic sector field or quadrupole 
spectrometers are less ideal as surface mass spectrometers, because of their 
limited mass range, low transmission and sequential mass scanning mode. In 
contrast to these, time of flight mass spectrometers offer an almost ideal 
solution to the requirements for surface analysis. A time of flight mass 
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spectrometer has a very high transmission and simultaneous detection of all 
ions over a very large mass range (1 < m/z < 10000 amu). 

3.3.2 Time of  flight secondary ion mass spectrometry 

3.3.2.1 Basic principles 

In secondary ion mass spectrometry analysis with a time of flight mass 
spectrometer it is essential that the ions to be analysed enter the flight path 
simultaneously or at least within the shortest possible time interval. To 
achieve this, the area of the surface to be analysed is bombarded with pulses 
of primary ions whose duration, ∆tp, is as short as possible, see Fig. 4. 
 

 
 
Figure 4. The principle of a linear time of flight mass spectrometer (for 

explanation see text). From Ref. [52]. 
 
All the secondary ions generated, almost simultaneously, from one such 
pulse are then accelerated by a constant voltage Vac (~3 keV) over a very 
short distance, thereby giving them all virtually the same kinetic energy, Ekin, 
before they enter the field free flight path of length L. If one neglects the 
relatively small initial energy of the secondary ions, the kinetic energy of the 
secondary ions is given by, 
 

 
2

2mv
zVE ackin ==  (3) 

 
where z is the charge of a secondary ion, m its mass and v its velocity. Ions 
of different mass will have different velocities and consequently a mass 
separation will occur. Accordingly, the mass separation is given by the flight 
time, t, from the sample to the detector. This is approximately given by, 
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The parameters that are known are L, Vac and the time t, which is measured. 
Since the mass m and the charge z is unknown it is the mass to charge ratio 
that is measured according to 
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3.3.2.2 Mass resolution 

To accurately identify peaks in a ToF-SIMS spectrum, especially on samples 
with unknown surface constituents, it is of importance that one has a high 
mass resolution. In Eq. 4 one can see that the flight time t is a function of the 
three known variables, i.e. t = t(m, E, L), where E = Ekin in Eq. 3. By 
differentiating Eq. 4 one obtains: 
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and the mass resolution (∆m/m)-1 is then given by 
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In order to improve the mass resolution, the energy term in Eq. 7, which 
arises from the non-zero initial kinetic energy distribution of the secondary 
ions, has to be compensated by the term for the flight path. This can be 
achieved by deflecting the ions by appropriate electric fields, so that ions 
with higher energies (but the same mass) have longer flight paths, i.e. 
∆E/E ≅ 2∆L/L. The mass resolution then reduces to 
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m
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∆ 2

, where 222
ADp tttt ∆+∆+∆=∆ , (8) 

 
∆m is the peak width, ∆tp is the duration of the primary ion pulse, ∆tD is the 
time resolution of the detector system (rise- and deadtime in the detector and 
its electronics) and ∆tA is due to time focusing aberrations in the analyser. It 
is obvious from Eq. 8 that if a high mass resolution is to be achieved ∆tp 
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must be as short as possible, provided that the detection electronics (∆tD) is 
fast enough. Typically the primary pulse width is of the order of a few ns, 
which can be further reduced below 1 ns by electrodynamic bunching. In 
practice the time resolution is limited by the duration of the primary pulse.  
 
The discussion above is restricted to secondary ions emitted in an angle 
normal to the sample surface (cf. Fig. 4) and does not take into account 
various other effects that can degrade the mass resolution. One of these 
effects is the initial angular divergence of the emitted secondary ions defined 
by the spectrometer acceptance, which is further worsened with a large raster 
size of the primary ion beam as illustrated in Fig. 5a. In Fig. 5b the 
degradation of the mass resolution caused by a long primary pulse width is 
illustrated. As can be seen, the effect caused by the initial angular divergence 
(raster size) is almost negligible when the primary pulse width is long (Fig. 
5b). The mass resolution is also degraded on rough and/or insulting surfaces.  

3.3.3 Analytical applications of  ToF-SIMS 

ToF-SIMS is a very versatile analysis technique due to its very high surface 
specific sensitivity, its applicability on practically all type of materials and 
sample forms, its ability to detect all elements including their isotopes and its 
ability to give direct molecular information. There are four main modes of 
operation of ToF-SIMS: large area surface analysis, surface imaging and 
microarea analysis, depth profiling analysis and trace analysis of individual 
substances. 
 
These operational modes have the same meaning as in any other surface 
analytical technique namely to determine the chemical surface composition 
of a solid as completely as possible. The advantage with the ToF-SIMS 
technique is that it is the uppermost monolayer of a solid that is studied and 
that very small amounts of a substance can be detected and analysed (~109 
atoms/cm2).  
 
It should be emphasised that even if ToF-SIMS in principle is a very simple 
analysis technique and the high mass resolution gives good possibilities to 
identify the surface constituents of an unknown sample it is not always 
straightforward to interpret the mass spectrum due to the enormous amount 
of information gained when a spectrum is acquired. The possibility to obtain 
useful information from the ToF-SIMS technique increases if one works 
with known samples. It is then possible to draw conclusions about the 
structure and orientation of molecules on a surface.  
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3.4 Scratch testing 

The friction and wear characteristics of the polymer coated samples 
investigated were primarily evaluated with modified scratch testing, see Fig. 
6.  
 
The modified scratch test is based on conventional scratch testing, but 
instead of the Rockwell C diamond stylus (radius 200 µm) frequently used in 
abrasion/scratch testing, a ball bearing steel ball (diameter 8 mm) is drawn 
over the surface in order to obtain a well controlled sliding contact [53]. 
Depending on the equipment used one can measure the frictional force 

  
 
Figure 5. High mass resolution positive ToF-SIMS spectra from the m/z = 

29 mass range obtained from a Si wafer with 15 keV Ga+ ions. 
(a) The mass resolution is degraded with the initial angular 
divergence (increasing raster size) of the emitted secondary 
ions. (b) The width of the primary pulse has a pronounced effect 
on the mass resolution. Note that an increased raster size has a 
negligible effect on the mass resolution when the primary pulse 
width is long. 
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(FT), penetration depth and the acoustic emission. The friction coefficient (µ) 
is defined as the ratio between the frictional force and the normal load (FN), 
i.e. µ = FT/FN. The reason behind the use of a ball instead of a sharp conical 
scratch tip, normally used in a scratch experiment, is that it more closely 
simulates the contact situation in a forming operation, i.e. between a tool 
surface and a metal sheet. In a comparative study between the modified 
scratch test and the bending under tension (BUT) test [54], which is a well-
established test for simulating tribology in sheet metal forming, it was shown 
that the modified scratch test gives comparable results [B]. The advantage of 
using the modified scratch test compared to the BUT-test is that the former 
test is more easy, rapid and inexpensive to perform. Furthermore, the test 
sample is small and simple allowing the use of small quantities of new 
and/or expensive materials/coatings as well as post-test microscopy and 
surface analysis without any further sample preparation. 
 
3.5 Summary of  the experimental techniques 

The information in Table 1 summarises what is normally achieved with an 
“average” sample, using standard laboratory AES, XPS and ToF-SIMS 
systems (which is used in this work). The actual performance can vary 
widely depending on the sample and the measurement set-up used. The 
analysis methods used in the different papers included in this thesis are listed 
in the last row.  
 
 
 
 
 
 
 

 
 
Figure 6. Schematic set-up of the modified scratch test used as 

tribological test method in this work. FN is the normal load and 
FT is the frictional force. 
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Table 1. Typical working conditions of the analyses techniques used in 
this thesis. 

 AES XPS ToF-SIMS 

Lateral resolution 100 nm 0.01-1 mm 0.5-2 µm 

Depth resolution 3 nm 0.2 nm 1-5 nm 

Information 
depth 

3 nm 5 nm 1 nm 

Detectibility 0.1 at.% 0.1 monolayer 109 atoms/cm2 

Type of 
information 

Elemental 
composition, 
spot, line and 
map analysis, 
depth profiling 

Elemental 
composition, 
chemical 
bonding, layer 
analysis, spot 
analysis, 
mapping, depth 
profiling 

Molecular and 
elemental surface 
composition, 
mass spectrum, 
spot, line and 
map analysis, 
depth profiling. 

Used in paper(s)  I, III, IV, VI, VII, 
IX 

IV, VI I, II, III, V, VIII, 
IX 

 
As can be seen from the table, the use of the above instrumental techniques 
gives a very powerful analytical combination to gain information about the 
outermost molecular layer and, by the use of ion etching, the depth 
distribution of elements with good detectibility and lateral resolution.  
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4 EXPERIMENTAL 

All the experimental details are described in respective paper but to make 
this thesis more readable a brief summary of the substrate materials, pH-
values at hydrolysis and dipping, ageing and annealing data and silane(s) 
used for the silane treated samples is listed in Table 2. The chemical 
structures of the silanes used are shown in Fig. 7. 
 
Table 2. Summary of experimental parameters used on silanes. 

Paper Silane(s) Hydrolysis 
pH 

Dipping 
pH 

Substrate 
material 

Ageing Annealing 

I BTSE 4 4, 6, 8 
and 10 

Polished 
AlZn 

- 1h at 120 °C 

II BTSE 4 4 Polished 
Al, AlZn 
and Zn 

- - 

III BTSE 4 4 Polished 
Al, AlZn 
and Zn 

- - 

IV BTSE 
and γ-
APS 

4 (BTSE) 
10.5 (γ-
APS) 

4 
(BTSE) 
10.5 (γ-
APS) 

AlZn 
both 

polished 
and as 

received 

0 min, 
2 h and 
2 days 

30 min at 
120 °C 

V BTSE 
and γ-
MPS 

4 (BTSE) 
4 and 6 (γ-

MPS) 

6 
(BTSE) 
4 and 6 
(γ-MPS) 

Polished 
Al, AlZn 
and Zn 

- - 

VI γ-MPS 6 6 Polished 
Al, AlZn 
and Zn 

- - 

VII γ-MPS 6 6 Al as-
received 

- - 
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Figure 7. Chemical structure of the BTSE (a), γ-MPS (b) and the γ-APS 

(c) silane molecules in their non-hydrolysed state. 
 
The information concerning the thin organic coatings investigated with ToF-
SIMS in papers VIII and IX are rather sparse but the available information 
given by the supplier is listed in Table 3. 
 
Table 3. Composition (dry coating condition) of the thin organic 

coatings investigated in papers VIII and IX. 

Coating designation Composition  
PC1 46.6 wt% Styrene acrylic copolymer A 

46.6 wt% Polyester polyurethane copolymer 
5.5 wt% Forming additive A 
1.3 wt% Cr 
 

PC3 29.1 wt% Styrene acrylic copolymer A 
29.3 wt% Polyester polyurethane copolymer 
27.0 wt% Styrene hydroxy acrylic copolymer 
5.5 wt% Forming additive B 
8.3 wt% SiO2 
1.3 wt% Cr 
 

0 100 wt% Styrene acrylic copolymer 
 

A 96.2% Styrene acrylic copolymer 
3.8% Forming additive A 
 

B 96.2% Styrene acrylic copolymer 
3.8% Forming additive B 
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5 SURFACE ANALYSIS OF SILANE FILMS  

5.1 Interpretation and evaluation of  SIMS spectrum 

The main work of the present thesis has been performed with the ToF-SIMS 
technique and to evaluate a ToF-SIMS spectrum is not always a trivial task 
even if one knows what is on the surface. Firstly, to be able to compare 
silane films deposited on different substrates the relative secondary ion yield 
was calculated by normalising the SIMS data. This was simply done by 
dividing the intensity of the mass peak of interest by that of the total number 
of counts, in a mass range 0 – X amu suitable for the analysis (typical 0-400 
or 0-1000 amu) minus the counts of gallium (the element originating from 
the primary ion gun) and/or the counts of contaminants such as Na+ [55], i.e. 
 

++ −−
=

−= NaGaXzmtotal

peak
peaknormalised III

I
I

2369)0/(

 

 
where the intensities are expressed as peak areas rather than peak heights, 
since the energy distribution of the secondary ions are not the same for all 
secondary ions. This normalisation procedure reduces the effect of any 
differences in the specimen current which can occur between different 
analyses. Secondly, when the ion assignment is made the difficult task is to 
propose a structure that can tell something about how the molecules are 
organised on the metal surface. In this work the proposed structures are 
chosen on the basis of the following discussion and on observations made in 
paper II (i.e. comparing spectrum obtained from BTSE silane solutions using 
different alcohols as solvent).  
 
Accordingly to Smith [56] it can be suspected that silicon stabilises the 
positive charge better than carbon due to the lower electronegativity of 
silicon, i.e. it is reasonable to suggest that structures are formed by simple 
cleavage of either a Si-O or a Si-C bond and that the positive charge 
normally is localised at a silicon atom in the silane fragments. In most of the 
structures the silicon atom(s) is (are) coordinated to three oxygen atoms, 
which can be explained by the fact that the Si-O bond is much stronger (460 
kJ/mol [57]), as compared to the Si-C and the C-C bonds (314 kJ/mol and 
334 kJ/mol, respectively [57]) and bond breaking predominantly occurs at 
weaker bonds. Also, there were no indication of contamination from other 
silane compounds and therefore all of the suggested structures have been 
based on the original non-hydrolysed, partially hydrolysed and fully 
hydrolysed BTSE molecule as long as possible, with the addition that 
alcoholysis can occur. 
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5.2 Surface analysis of  the BTSE silane 

5.2.1 Effects of  the substrate surface topography 

In paper IV (chronologically the first investigation) non-polished AlZn 
substrates were used and it was observed with both AES and EDS that the 
BTSE silane was not uniformly distributed on the surface, see EDS 
elemental mapping in Fig. 8. The EDS elemental maps shows that the BTSE 
silane film is thicker in the Zn-rich interdendritic areas than on the Al-rich 
dendritic arms.  
 

   
 

   
 

   
 
Figure 8. EDS elemental maps of a BTSE treated AlZn sample aged for 2 

hours in ambient atmosphere. a) SEM image, b) Al Kα, c) Zn 
Lα, d) Si Kα, e) C Kα and f) O Kα. The width of the images is 
60 µm. 

a) b) 

c) d) 

e) f) 
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The question that arose was whether this effect was due to a chemical effect 
or if it simply was due to a topographical effect. Thus, in the following 
investigations (paper I-VI) polished substrates were used and in, for 
example, paper III it is shown that the BTSE silane is uniformly distributed 
on the polished substrate surface. Also shown in paper III is that the 
dendritic structure of the as-received AlZn substrate is to a large extent 
preserved after mechanical polishing. Thus, a polished AlZn substrate 
preserves the original chemical differences between the dentritic arms and 
the interdendritic regions and can therefore be used as a model material 
without topographical effects.  

5.2.2 Effect of  hydrolysis time 

Even if it is well known that a hydrolysis time of at least 24 hours is needed 
to completely hydrolyse the BTSE silane a hydrolysis time of 1 hour was 
mainly used in this work. Child et al. claim that they have obtained good 
silane films after a hydrolysis time of only 1 min [4]. Thus, from a practical 
industrial point of view a hydrolysis time of 24 h is very long and for 
convenience a hydrolysis time of 1 h was chosen. (Most silanes hydrolyse 
much faster than 1 h but as a safe precaution it is recommended that the 
hydrolysis time should be 1 h [58], which also is the hydrolysis time used for 
the other silanes in this work).  
 
In paper V a hydrolysis time of 24 h was chosen because one of the 
intentions with that paper were to see if the 2-step treatment orientated a γ-
MPS silane with more thiol groups outwards from the surface, and to be 
assured that the BTSE silane would have a lot of reactive silanol groups 
available for bonding to the γ-MPS silane, a long hydrolysis time was used. 
In paper II the positive mass spectra of BTSE silane films deposited on Al, 
AlZn and Zn were characterised in detail. The positive BTSE spectra in 
paper II and V have, in principle, the same appearance independent of metal 
substrate. However, there are some differences that can be explained on the 
basis of different BTSE silane solution parameters used in these papers. In 
paper II, the hydrolysis time, the pH-value of the silane solution at 
deposition and the concentration of the BTSE silane was 1 hour, 4 and 2 vol-
%, respectively, while in paper V it was 24 hours, 6 and 4 vol-%, 
respectively. The most important difference between papers II and V was the 
hydrolysis time. For a hydrolysis time of 1 hour (paper II) OC2H5-related 
ions were detected at m/z 73, 91, 107, 135 and 163, which are assigned to 
SiOC2H5

+, SiHOHOC2H5
+, Si(OH)2OC2H5

+, SiOH(OC2H5)2
+ and 

Si(OC2H5)3
+, respectively. These ions were absent in the positive mass 

spectra of the BTSE silane film hydrolysed for 24 hours (paper V). 
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Especially the ion at m/z 163 (Si(OC2H5)3
+), is characteristic of an non-

hydrolysed BTSE monomer, see Fig. 9. These results clearly indicate that a 
hydrolysis time of 1 h is not sufficient to completely hydrolyse the BTSE 
silane but a hydrolysis time of 24 h is sufficient. These results are in 
agreement with results presented by Zhang who studied BTSE deposited on 
iron surfaces with ToF-SIMS [12]. It also shows that ToF-SIMS is an 
adequate analysis technique to indirectly probe silane solution properties. 
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Figure 9. The characteristic peak at m/z 163 indicates whether the BTSE 

silane is well hydrolysed or not. The effect of time on the 
hydrolysis is exemplified by (a) 1 h and (b) 24 h hydrolysis time, 
respectively. It can be seen that a hydrolysis time of 24 h 
completely hydrolyse the BTSE silane. 

5.2.3 Effect of  deposition pH 

The idea behind paper I was to study how the pH of the silane solution 
influences the resulting silane structure/composition and thickness. The pH 
of the solution was found to have a strong influence on the thickness, which 
increased with increasing pH value. The increase was most pronounced 
between pH 6 and 8, see Fig. 10.  
 
Rather surprisingly, the pH did not seem to affect the resulting 
structure/composition of the silane film. The ToF-SIMS results showed that 
the signals originating from the substrate, e.g. the Al+ and Zn+ ion signals, 
decreased with increasing pH value, which also can be interpreted as an 
increased thickness and/or a more complete coverage. Thus, a deposition pH 
of 6 in paper V is not suspected to have any influence on the silane film 
properties. 
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Figure 10. AES depth profiles showing the depth distribution of Si in BTSE 

silane films deposited on AlZn from BTSE silane solutions at 
different pH-values.  

5.2.4 Ageing 

In paper IV the surface retention was studied after different ageing 
procedures. After the ageing the samples were rinsed in deionised water. In 
Fig. 11 it can be seen that the surface retention of the silane increases with 
ageing time at room temperature and that it is highest for the samples 
annealed at 120 °C for 30 min.  
 

 
 

Figure 11. Surface retention of the BTSE silane film as determined with 
EDS. The abbreviations stands for NP = non-pickling alkaline 
cleaner (Ytex 4345), P = pickling alkaline cleaner (Ytex 4324) 
and Pol NP = polished substrate and non-pickling alkaline 
cleaner. 
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Thus, when the results from paper I (where one of the samples were heat 
treated, cf. Fig. 10) and paper IV are compared the results indicate that 
ageing strengthen the bonds between the silane and the metal substrate but 
that the resulting structure/composition of the silane film seems to be 
unaffected. 

5.2.5 Alcoholysis 

It is known that BTSE does not dissolve well in water [14], and 
consequently an alcohol is normally used as a solvent to promote 
dissolution. This can lead to a reaction called alcoholysis [44], which 
competes with the hydrolysis reaction. Alcoholysis means that the alkoxy 
group of the alcohol can exchange with the alkoxy groups of the silane. In 
paper II one of the intentions was to establish whether the solvent used, 
methanol or ethanol, has any influence on the resulting silane solution. The 
ToF-SIMS analysis showed that when changing the solvent from methanol 
to ethanol no major changes could be observed in the mass spectrum except 
that the intensity from some fragments have decreased or almost 
disappeared, e.g. the SiOCH3

+, (HO)2(OCH3)Si+, and OCH3
- ions, which is a 

clear indication of a chemical interaction between the silane and the alcohol, 
i.e. alcoholysis. Based on the similarity between mass spectrums obtained 
from BTSE silane solutions either using methanol or ethanol as solvent it 
seems that the alcoholysis has a small overall effect on the hydrolysis of the 
BTSE silane  

5.2.6 Molecular structure of  the BTSE silane 

With the above (cf. section 5.1) “rules” to determine the molecular structure 
of the BTSE silane it is shown in papers II and V that the molecular structure 
of the silane is independent of which type of metal substrate the silane is 
deposited on. It is also shown that the condensation of the silane molecules 
to dimers and oligomers is very complex and occurs via one to three Si-O-Si 
bridges or even intramoleculary. Also, the bonding to the substrate surfaces 
and the extensive cross-linking between the BTSE molecules explains why 
there is a limited number of high mass ion fragments in the mass spectra. In 
general, the spectra exhibit smaller ions arising from fragmentation of the 
condensed silane and do not exhibit a wide range of structural specific peaks 
[59]. 
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5.3 Surface analysis of  the γ-MPS silane 

5.3.1 Effect of  different hydrolysis pH 

One of the aims of paper V was to study the effect on γ-MPS film properties 
when hydrolysed at different pH-values of the silane solution. The major 
differences in the positive mass spectra obtained from samples dipped in 
silane solutions of γ-MPS hydrolysed at pH 4 or pH 6 is the intensity of the 
ion at m/z = 121. This ion is assigned to (H3CO)3Si+, which originates from 
the unhydrolysed γ-MPS molecule. The intensity of this ion decreases going 
from a silane solution of pH6 to a silane solution of pH4. Hence, the γ-MPS 
is more fully hydrolysed at pH4 than at pH6. The negative mass spectrum 
was not influenced by the different pH-values of the silane solutions.  
 
Also, in paper VI the XPS spectra of the C1s region of samples treated with 
γ-MPS silane solutions of pH6 indicate that the γ-MPS molecules are not 
fully hydrolysed. One of the three carbon components was interpreted as 
carbon bonded to one oxygen atom, which may originate from methoxy 
groups of unhydrolysed γ-MPS molecules. 
 
Comparing the results obtained from the XPS and ToF-SIMS analysis, 
respectively, concerning the silane hydrolysis, it can be seen that consistent 
and complementary results are given. In this case the information given by 
ToF-SIMS is more detailed, i.e. it can be seen not only that the silane is 
unhydrolysed, as for XPS, but also that it is the silane molecules that is the 
origin of the methoxy groups. In principal, it cannot be excluded that the 
carbon component of interest in the XPS spectra has another origin, e.g. 
methanol, etc. 
 

5.3.2 Effect of  different metal substrates 

In papers V and VI the γ-MPS silane was deposited on metallic substrates of 
Al, AlZn and Zn from γ-MPS silane solutions of pH6. ToF-SIMS analysis 
(paper V) did not reveal any differences in either structure or chemical 
composition due to the different metallic substrates. In contrast, the XPS 
spectra of the S2p region (paper VI) showed that when Zn was present in the 
substrate it was necessary to include an additional component (S(4) in Fig. 
12) in the peak fitting of the spectra to obtain a good fit. Since this extra 
component is present only in those silane-metal systems where Zn is present 
it is proposed that this component can be assigned to zinc thiolate. 
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Figure 12. High resolution XPS spectra of the S 2p photoelectron peak of γ-

MPS deposited on Al, AlZn and Zn substrates, respectively. The 
peaks are assigned to free thiol groups (S(1)), sulphinate (S(2), 
i.e. -SO2

-), sulphonate (S(3), i.e. -SO3
-) and zinc thiolate, 

respectively. 
 
Comparing the results obtained from the XPS and ToF-SIMS techniques 
concerning the interaction of the γ-MPS silane with the metallic substrates, it 
is interesting to note that the ToF-SIMS results could not reveal any 
differences due to different substrates while the XPS results clearly revealed 
an interaction between the zinc-containing substrates and the thiol group of 
the γ-MPS silane. The reason why ToF-SIMS analysis could not detect this 
interaction is not clear but one possible explanation is that the ionisation 
mechanism not favours the formation of e.g. ZnS- ions. This would be 
suspected in analogy with the well-known gold-alkenethiol system where the 
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AuS- ion signal always has a significant intensity in a SIMS spectrum [59]. 
In the gold-alkenethiol system is it known that an Au-S bond is formed but 
for the zinc-mercaptosilane system this it is not obvious that Zn-S bonds are 
formed at the zinc surface. Stratmann et al. investigated the bonding of 
mercaptans to iron substrates and could conclude that mercaptans will 
adsorb only on substrates that are free from oxide films as then a direct 
metal/sulphur bond is formed [60]. On the other hand, adsorption 
experiments with methanethiol on polycrystalline ZnO surfaces have shown 
that thiolate species coordinate with surface zinc cationic sites [61]. In Fig. 
12 it can be seen that the S(4) component (zinc thiolate) for the zinc 
substrate has a slightly higher intensity at TOA90 which indicates that some 
of the γ-MPS molecules have bonded with the thiol group to the substrate. 
Thus, it is reasonable to draw the conclusion that some of the γ-MPS 
molecules are directly bonded to the oxide/hydroxide of the AlZn and the Zn 
substrates via the thiol group and that some of the γ-MPS molecules are 
coordinated with dissolved zinc ions via the thiol group of the γ-MPS 
molecule.  
 
5.4 2-step silane treatment 

The 2-step silane treatment was studied in paper V where BTSE and γ-MPS 
treated substrates were investigated. ToF-SIMS analysis of γ-MPS and 
BTSE + γ-MPS treated surfaces revealed that the 2-step treatment did not 
affect the orientation of the γ-MPS silane.  
 
From ToF-SIMS measurements (paper V) it can be observed that the mass 
spectra from γ-MPS and γ-MPS + BTSE treated surfaces, respectively, are 
almost identical indicating that the orientation of the γ-MPS is not affected 
by pre-treating the surface with BTSE. Also, XPS measurements of the same 
samples show the absence of any orientational effects on the γ-MPS 
molecule due to a surface pre-treated with BTSE also observed in XPS 
measurements on the same samples (not published results), i.e. the ratio 
between S/Si at different TOA´s is approximately the same. Also, in paper 
VI is the S/Si ratio approximately the same at different TOA´s for substrates 
treated with only γ-MPS. A higher S/Si ratio at a small TOA would have 
indicated that the thiol group of the silane is preferentially orientated 
outwards from the surface. Thus, in the latter case this indicates that the γ-
MPS molecules are randomly orientated within the silane films on all of the 
investigated substrates. Since the same result is obtained from γ-MPS + 
BTSE treated surfaces with XPS and that there is no major difference 
between γ-MPS and γ-MPS + BTSE treated surfaces in the ToF-SIMS 
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spectra the same conclusions can be drawn, i.e. the γ-MPS molecules are 
randomly orientated within the silane films also for the 2-step treatment. 
 
5.5 Interfacial characterisation between the BTSE silane and metallic 

substrates 

An important issue when silanes are to be used as a coupling agent, e.g. 
between a metallic substrate and a polymer, is if there exists a metal-oxygen-
silicon bond or not at the silane-metal interface. The main objective of paper 
III was to study the interface between the BTSE silane film and different 
metal substrates (Al, AlZn and Zn). By ion etching, most of the silane top 
layer was sputtered away, revealing the interfacial region for analysis. By 
careful examination of high mass resolution spectra in the positive mode it 
was shown that there exists an AlOSi+ ion detected on the Al and AlZn 
substrates (Fig. 13a and b, respectively) and a ZnOSi+ ion detected on Zn 
and AlZn substrates (Fig. 14a and b, respectively). These results where 
further enhanced by the fact that the characteristic ion pattern of ZnOSi+-
type ion fragments, composed of different naturally stable zinc and silicon 
isotopes, showed the expected relative peak height relations on both Zn and 
AlZn (Fig. 14c and d, respectively).  
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Figure 13. High mass resolution spectra at nominal mass m/z +71 for Al 

(a) and AlZn (b).  
 
Figure 15, which shows the mass spectra from the Al substrate after different 
sputtering times, illustrates the fact that the BTSE silane film must be 
removed before analysis. As can be seen in Fig. 15 it is obvious that the 
silane-metal interface can not be analysed before the silane film is removed.  
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Figure 14. High mass resolution spectra at nominal mass m/z +108 for Zn 

(a) and AlZn (b). In (c) and (d) are calculated and measured 
peak heights compared for the silane-metal interface for Zn and 
AlZn substrates, respectively. Calculated peak heights are 
shown as vertical lines to the left of the measured peaks. 

 
The use of SIMS as a tool to analyse interfaces between a silane and a metal 
substrate have been used by other authors but often with instruments with a 
limited mass resolution (m/∆m < 600 at m/z +57), which makes the 
interpretation of the results rather ambiguous. Anyway, Gettings and 
Kinloch find a peak at m/z +100 when γ-GPS treated mild steel was studied 
with SIMS and they interpreted this peak as FeOSi+ [62]. In another 
investigation Gettings and Kinloch studied the interface between γ-GPS and 
a stainless steel (17 Cr/7 Ni AISI-type 301 steel) and detected ion fragments 
at m/z +96 and m/z +100, which were assigned to CrOSi+ and FeOSi+, 
respectively [63]. Fang et al. investigated γ-GPS treated Al and detected a 
peak at m/z +71, which was assigned to AlOSi+ [64]. Cayless and Perry 
studied the adhesion of polystyrene on mild steel using an aminosilane as 
adhesion promotor [65]. The presence of peaks at m/z +100, m/z +132 and 
m/z +148, which were assigned to FeOSi+, FeO3Si+ and FeO4Si+, 
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respectively, was taken as strong evidence for chemical bond formation 
between the silane and the substrate. More recently, Abel et al. studied the 
interface between oxidised aluminium and hydrolysed γ-GPS [66]. Their 
work was the first study were a high mass resolution SIMS instrument was 
used (m/∆m = 3800 at m/z +41 (C3H5

+)). They were able to show the 
presence of the AlOSi+ ion at m/z +71, which in combination with the high 
mass resolution clearly indicated experimental evidence for the formation of 
covalent bonds between the aluminium substrate and the silane. However 
Abel et al. did not consider the possibility of ions composed of isotopes 
other than the most abundant ones at the mass of interest. Thus, the main 
difference between the interfacial study in paper III and previous studies 
found in the literature is that the mass resolution of the spectra in paper III is 
much higher (typically m/∆m is 4000 at m/z +28 (Si+)) and that ion 
fragments composed of less abundant ions at the mass of interest is ruled out 
to have any contribution to the ion intensity.  
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Figure 15. High-mass resolution mass spectra of the BTSE silane treated Al 

substrate. (a) before sputtering, (b) after 75 s sputtering and (c) 
after 2775 s sputtering. 
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6 CHARACTERISATION OF SURFACES EXPOSED 
TO TRIBOLOGICAL CONTACT 

This chapter describes a tribological investigation of a novel pre-treatment 
composed of a γ-MPS silane film acting as a coupling agent between an Al 
surface and a vegetable oil (paper VII) and ToF-SIMS analysis of thin 
organic coatings deposited on AlZn coated steel substrates with the intention 
of investigate whether a tribological contact situation induce any chemical 
changes at the surface of the organic coatings (papers VIII and IX). 
 
6.1 Characterisation of  a linseed oil treated aluminium substrate 

In paper VII, the intention was to couple a vegetable oil to an aluminium 
substrate using γ-MPS as a coupling agent and to evaluate the influence of 
different process parameters (UV-radiation intensity and heat treatment) on 
the coating properties. The idea was to couple the double bonds in the fatty 
acids of the vegetable oil to thiol groups of a γ-MPS silane film deposited on 
an aluminium surface, as illustrated in Fig. 16. The coupling between the 
silane and the oil was achieved through a photoinduced thiol-ene reaction 
using UV-radiation.  
 

 
 

Figure 16. Schematic illustration, not to scale, of the chemical coupling of 
a vegetable oil to a metal substrate using an organofunctional 
silane as a coupling agent. 

 
One important issue is to establish if a coupling takes place between the 
unsaturated oil and the mercapto silane. In paper VII contact angle 
measurements were used to indicate if the vegetable oil had reacted with the 
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thiol groups of the silane, i.e. the contact angle changes between a silane 
treated surface and a surface treated with silane plus vegetable oil, see Fig. 
17. It should be emphasised that the samples where thoroughly washed with 
acetone and hexane to remove excess of the oil before the contact angle 
measurements were done. As can be seen in Fig. 17 the contact angle is 
higher after the UV light treatment for all samples. The interpretation of 
these results is that the vegetable oil has reacted with the silane film and 
formed a layer on top of the silane treated substrates. The increasing contact 
angle indicates that the surfaces have become more hydrophobic.  
 

 
 
Figure 17. Contact angles of the samples treated with vegetable oil. 
 
The similarity between samples B and C suggests that full conversion of the 
thiol-ene coupling is obtained already at low UV-radiation doses. The oil 
layer thickness will then mainly depend on the initial amount of thiols at the 
surface together with the size of the oil molecule attached to the surface via 
the thiol-ene reaction. AES sputter depth profiling show that the oil layer is 
around 5-10 Å on samples B and C and around 20-25 Å on sample D. The 
thicker organic layer seen on sample D can be explained by a thermo-
oxidative polymerisation of the vegetable oil. This implies that the presence 
of free radicals and thio-ethers at the surface affects the thermo-oxidative 
reactions and accelerate the cross-linking close to the oil-silane interphase. 
Consequently, a surface resembling sample D can be obtained in several 
alternative ways, either by an increase in thiol groups on the surface or by 
attachment of moieties larger than triglycerides. The advantage with the 
present approach is that the vegetable oil can not only react with the thiol but 
eventually also form a network by itself, i.e. the difference in reaction rates 
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makes the attachment to the surface proceed first with subsequent cross-
linking and densification of the oil layer at a later stage. 
 
Figure 18a shows the friction characteristics (µ vs. normal load) of the 
samples treated with silane and vegetable oil (sample A is only treated with 
silane). As can be seen, samples A, B and C display a friction coefficient 
which rapidly increases to a high steady state value, 1.0 < µ < 1.2. In 
contrast, sample D shows a relatively low and stable friction coefficient, µ 
around 0.1. Figure 18b shows the friction characteristics (µ vs. sliding 
distance) of the samples at a constant normal load of 20 N. Once again, 
samples A, B and C display a high steady-state friction coefficient, µ around 
1.2, while sample D shows a low and stable friction coefficient, µ around 
0.1.  
 

 

 
 

Figure 18. Friction characteristics of the vegetable oil treated samples as 
observed in the modified scratch test. a) Increasing normal load 
from 0 to 50 N and b) constant normal load of 20 N. 
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Observations of the scratched samples in the SEM show that the initial stage 
of surface damage of all samples is dominated by mild abrasion. It is 
believed that the abrasion mechanism is caused by loose alumina debris 
attached to the ball resulting in scratches on the flat surface. During this 
stage the friction coefficient is relatively low, µ < 0.2. For samples A, B and 
C this initial stage of surface damage is followed by a transition to a latter 
stage of damage dominated by severe adhesive wear resulting in a scratch 
morphology characterised by adhesion marks and transfer particles, see Fig. 
19. The transition to this latter stage of surface damage is connected with a 
rapid and pronounced increase in friction coefficient. In contrast, sample D 
shows just a small tendency to adhesive wear, i.e. the surface damage is 
dominated by mild abrasion and independent on the normal load/sliding 
distance. 
 

  
 

Figure 19. Surface morphology in the scratch track at a normal load of 45N 
for a) Sample C (also representative for samples A and B) and 
b) sample D. The image widths are 1.2 mm. 

 
Of the coatings investigated, sample D shows potential when it comes to 
keeping the friction coefficient and galling tendency at a low level. It is 
believed that the better performance displayed by sample D is mainly due to 
a higher load carrying capacity of the heat-treated film as compared with the 
other films. Furthermore, the results show that the failure of a surface coated 
with a solid lubricant film takes place by mild abrasion followed by a 
progression of adhesive welding events from initial film break through to the 
point of film failure resulting in welding between the sliding surfaces, i.e. 
severe adhesive wear, see e.g. Schedin [67]. The film failure may be caused 
by film thinning (at higher normal loads) resulting in a sudden collapse of 
the film at a critical normal load. 
 

a) b) 
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6.2 ToF-SIMS studies of  worn surfaces 

It is well known that tribochemical reactions, i.e. friction induced chemical 
reactions, can modify the surface chemistry in a wear track. In general, 
friction lowers the temperature at which reactions normally are observed by 
several hundred degrees [68]. With the use of ToF-SIMS it should be 
possible to identify if any tribochemical reaction has taken place, e.g. 
tribochemical oxidation due to reaction with ambient oxygen. In analogy 
with ToF-SIMS studies on oxidised polyethylene surfaces, oxygen 
containing ion fragments should increase if a tribochemical oxidation has 
taken place [69]. 
 
In papers VIII and IX the tendency to tribochemical oxidation was 
investigated by recording mass spectra within a scratch track and on an as-
deposited polymer surface in the vicinity of the scratch track as illustrated in 
Fig. 20. 
 

 

Scratch track 

As-deposited surface 

Analysis areas 

 
 
Figure 20. Schematic of the positioning of the analysis areas for the ToF-

SIMS measurements in papers VIII and IX. 
 
To illustrate the major changes in chemical composition induced by a single 
scratch, ToF-SIMS spectra from two different coatings are shown (paper 
IX), see Figs. 21 (coating PC1, cf. Table 3) and 22 (coating PC3, cf. Table 
3). The major difference between these coatings is the forming additive used, 
forming additive A and B, respectively. 
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Figure 21. Positive mass spectra in the mass range 0-300 amu of coating 

PC1 recorded from a) an as-deposited region and b) a region 
within the scratch track obtained in the modified scratch test 
(corresponding to a normal load of 50 N). 

 
The major ion peaks observed in the mass spectra from an as-deposited 
region of the organic coating, see Fig. 21a, can be attributed to 
poly(dimethylsiloxane) (PDMS), which probably originates from forming 
additive A. The peaks observed at m/z 28, 43, and 73 corresponds to Si+, 
CH3Si+ and (CH3)3Si+, respectively. The series of ion fragments at m/z 73, 
147, 221, and 295 originates from the linear structure of PDMS, i.e. 
(CH3)3Si[OSi(CH3)2]n

+ (designated as nR+73 in Fig. 21a). Also, the ions at 
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m/z 117, 191 and 265 originates from the linear structure of PDMS, i.e. 
[(CH3)3Si[OSi(CH3)2]nOSi]+ (designated as nR+117 in Fig. 21a). The cyclic 
structure of PDMS is [Si(CH3)2O]n, and the series of peaks at m/z 133, 207 
and 281 are formed by the loss of a methyl group from the cyclic structure, 
i.e. [[Si(CH3)2O]n-CH3]+ (designated as Rn-15 in Fig. 21a). In the mass 
spectra obtained from the scratch track, see Fig. 21b, it can be seen that the 
spectra is dominated of hydrocarbon ions, which presumably originates from 
the polymers of the organic coating. Ions specific for the polymers in the 
coating are also detected. From the acrylic part of the polymer the ion at m/z 
59, assigned to C2H3O+, is an example. The ion at m/z 91 is characteristic of 
aromatic hydrocarbons, assigned to C6H5CH2

+ or C7H7
+, thus originating 

from the styrene part in the coating. The major difference in the positive 
mass spectrum between the as-deposited surface and the surface in the 
scratch track is that there is a lower intensity of PDMS ion fragments and a 
higher intensity of the characteristic ions from the coating in the scratch 
track. Any major surface degradation due to oxidation could not be 
observed, i.e. an increased ion intensity of oxygen containing hydrocarbon 
peaks. The most plausible explanation of the observations of a decreasing 
PDMS ion intensity and an increasing intensity of ions coming from the 
organic coating is that the sliding contact mechanically wears the uppermost 
surface layer, which displays a higher PDMS content, and thus causes 
changes in the surface chemistry, i.e. the effect of any tribochemical 
interaction are negligible. The same wear mechanism can be observed for 
coating PC3, see Fig. 22.  
 
The mass spectrum from coating PC3 on an as-deposited surface (Fig. 22a) 
is dominated of hydrocarbon ions of the type CnHm

+ in the low mass range 
(0-100 amu). In the mass range 400-700 amu the mass spectrum exhibit a 
distribution of peaks separated by a mass around 14.016 amu, i.e. 
corresponding to a –CH2– unit. The exact molecular structure of this 
distribution is not known but a probable origin is forming additive B. The 
major changes between the as-deposited surface and the surface within the 
scratch track are that the characteristic ion at m/z 91 from the styrene part in 
the coating has a higher relative intensity and that the ions in the mass range 
400-700 amu almost have disappeared. Thus, the PC3 coating exhibit the 
same type of surface changes as the PC1 coating, i.e. the mechanical 
interaction due to a sliding contact wears the uppermost surface layer and 
changes the surface chemistry. 
 
In paper VIII was styrene-acrylic co-polymers used and the only difference 
between the three investigated coatings was the forming additive used, i.e. 
no forming additive (coating 0), forming additive A (coating A) and forming 
additive B (coating B), respectively. In contrast, to the ToF-SIMS results 
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presented above from paper IX, the scratched surfaces examined in paper 
VIII did not exhibit any major changes due to mechanical interaction even 
after the surface had been scratched three times in the same scratch track. 
Figure 23 shows the ToF-SIMS spectra from an as-deposited region and a 
region within a scratch track (three scratches in the same scratch track) from 
coating 0 (Fig. 23) and coating B (Fig. 24).  
 

 

0 50 100 150 
0 

10 
20 
30 

40 
50 

C
ou

nt
s 

(×
10

3 ) C2Hm
+ 

m/z 

a) C3Hm
+ 

C4Hm
+ 
C5Hm

+ C6Hm
+ 
C7Hm

+ C8Hm
+ 

CHm
+ 

H+ 

 
 

200 300 400 500 600 700 
0 

50 

100 

150 

200 

250 

C
ou

nt
s 

409 634 578 662 606 550 437 522 
494 465 

m/z  
 

0 50 100 150 
0 
5 

10 
15 
20 
25 
30 
35 

C
ou

nt
s 

(×
10

3 ) 

m/z 

b) C2Hm
+ 
C3Hm

+ 
C4Hm

+ 

C5Hm
+ C7H7

+ 
CHm

+ 

H+ 

Cr+ 

 
 

200 300 400 500 600 700 
0 

50 

100 
150 
200 

250 

C
ou

nt
s 

325 
281 

m/z  
Figure 22. Positive mass spectra in the mass range 0-800 amu of coating 

PC3 recorded from a) an as-deposited region and b) a region 
within the scratch track obtained in the modified scratch test 
(corresponding to a normal load of 50 N). 
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Figure 23. Positive mass spectra in the mass range 0-600 amu of coating 0 

recorded from a) an as-deposited region and b) a region within 
a triple scratch track obtained in the modified scratch test 
(corresponding to a normal load of 50 N). 
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Figure 24. Positive mass spectra in the mass range 0-700 amu of coating B 

recorded from a) an as-deposited region and b) a region within 
a triple scratch track obtained in the modified scratch test 
(corresponding to a normal load of 50 N). 

 
As can be seen, the mass spectra in Figs. 23 and 24 resemble the mass 
spectra presented in Figs. 21 and 22, i.e. the discussion about the peak 
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identification can be adapted from the discussion above. It should be noted 
that coating A has, in principle, the same appearance as coating 0.  
 
From a ToF-SIMS analysis point of view nothing has happened to the 
surfaces investigated in paper VIII due to the sliding contact. However, the 
frictional behaviour of the samples (µ vs. normal load and µ vs. sliding 
distance) show significant differences, see Fig. 25. The coating without 
forming additive shows the highest coefficient of friction, µ between 0.1 and 
0.2 depending on contact normal load. The coatings containing forming 
additive A (coating A) and forming additive B (coating B) show 
significantly lower friction coefficients, 0.10 < µ < 0.14 and 0.01 < µ < 0.04, 
respectively. 
 

 
 

Figure 25. Friction characteristics of the styrene-acrylic coated samples as 
observed in the modified scratch test. Friction coefficient vs. 
increasing normal load from 0 to 100 N (a) and friction 
coefficient vs. sliding distance at a constant normal load of 50 N 
(b). 

 
Scanning electron microscopy (SEM) of the scratched surfaces, see Fig. 26, 
show that all permanent coatings to a large extent are intact but that the 



 
 
 
 
 
Surface characterisation using ToF-SIMS … Ulf Bexell 49 
 

 

surfaces show signs of a superficial plastic deformation in combination with 
detachment of very small fragments. The higher the friction coefficient the 
more the coating is deformed in the scratch track. 
 

 

 a) 

Scratched surface 

As-deposited surface 

 

 b) 

Scratched surface 

As-deposited surface 

 
 

 

 

Scratched surface 

As-deposited surface 

c) 

 
 
Figure 26. Wear characteristics of the three samples as observed in the 

modified scratch test at a normal load of 50 N. Scratch direction 
is from left to right. a) Sample 0, b) Sample A and c) Sample B 
(Image widths are 200 µm, SEM in TOPO mode). 

 
Also, ToF-SIMS measurements on the steel ball counter surface shows that 
the material transfer tendency is highest from the coating showing the 
highest coefficient of friction, i.e. coating 0, and the lowest material transfer 
tendency is displayed by coating B, i.e. the coating showing the lowest 
coefficient of friction. As an example, the positive mass spectra from a 
transfer film on a steel ball obtained in a scratch experiment on coating 0 
(Fig. 27b) almost display the same mass spectra as from an as-deposited 
region on coating 0 (Fig. 27a). 
 
As shown above, PDMS was identified and interpreted as one of the forming 
additives used in the coatings investigated. When PDMS is observed in 
polymer surface analysis it is often regarded as a contaminant leading to 
adhesion problems [48]. The source of the PDMS is often due to 
inappropriate packaged samples since PDMS is often used as mould-release 
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agent in manufacture of injection moulded plastic products such as plastic 
bags and boxes [70]. However, in papers VIII and IX the samples 
investigated have been shipped and stored in the same environment and 
when Figs. 21a and 22a are compared it is obvious that the PDMS content is 
much higher on coating PC1 than on coating PC3. Since the samples have 
been handled and stored in the same way any contamination due to PDMS 
should affect the sample surfaces in the same way, i.e. resulting in a similar 
PDMS content. This is not observed and therefore it is plausible that the 
suggestion above that PDMS is added to the polymer (i.e. coating PC1) as a 
forming additive is reasonable.  
 
The major differences between the ToF-SIMS results from paper VIII and 
paper IX are that the coatings in paper IX seem to be more sensitive to 
mechanical wear, i.e. the surface chemistry of the coatings are changed due 
to the sliding contact and not to any tribochemical reactions. The reason for 
this is not clear but the different wear characteristics observed are probably 
partly due to the intrinsic friction characteristics of the organic coatings in 
sliding contact with steel as well as the active rheology at the sliding 
interface. The latter parameter is strongly influenced by the material transfer 
tendency from the coating to the steel ball. In general, three different 
rheologies may occur, i.e. intrafilm flow, interface sliding and interfilm 
sliding, respectively [71], see Fig. 28.  
 
Intrafilm flow occurs when the film adheres strongly to both surfaces and 
flows like a viscous fluid to accommodate relative displacement of the two 
surfaces. Interface sliding allows the two surfaces to slide over one another 
and occurs only if there is no adhesion to the counter 
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Figure 27. Positive mass spectra of sample 0 acquired from an as-deposited 

region (a) and from a transfer film on a steel ball (b). 
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surface. Interfilm sliding occurs when the coating adheres to both surfaces 
but separates into two distinct films (at least momentarily) that slide across 
one another. The material transfer tendency will naturally also affect the 
wear of the permanent coatings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 FN 

v 

Intrafilm flow Interface sliding Interfilm sliding 

FN 

v 

FN 

v 

 
Figure 28. Schematic representation of three ways that sliding can be 

accommodated between a counter surface and a polymer coated 
substrate, from ref [71]. 
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7 CONCLUSIONS 

The results presented in this thesis show that the combination of ToF-SIMS, 
XPS and AES analysis can be used in order to obtain useful and 
complementary information regarding the surface and interface 
characteristics of silane films and organic coatings deposited on metal 
substrates.  
 
The major conclusions concerning BTSE silane film adsorption on different 
metal substrates that can be drawn from this thesis are: 

q The deposition parameters investigated (pH-value, solvent), type of 
metal substrate used and post-heat treatment do not significantly 
influence the resulting intrinsic structure/composition of the BTSE 
silane films. 

q The surface retention increases with ageing time and is highest for 
annealed samples. 

q When an alcohol is used as a solvent for the BTSE silane there is a 
chemical interaction between the alcohol and the silane resulting in 
an exchange of alkoxy groups between the alcohol and the silane. 

q The existence of metal-oxygen-silicon type of ion fragments as 
observed in ToF-SIMS spectra gives evidence for a chemical 
interaction between the BTSE silane and the metal substrates. 

The major conclusions concerning γ-MPS silane film adsorption on different 
metal substrates that can be drawn from this thesis are: 

q The deposition pH-value and type of metal substrate used do not 
significantly influence the resulting intrinsic structure/composition 
of the γ-MPS silane films. 

q The γ-MPS molecules can bond to the Zn and AlZn substrates via 
the thiol group. 

q The 2-step silane treatment does not give the desired orientation of 
the γ-MPS silane, i.e. with an increased number of thiol groups 
outwards from the surface. 

Furthermore, it has been shown that it is possible to bond a vegetable oil to a 
thiol functionalised aluminium surface and to produce a coating thick 
enough to obtain desired friction and wear characteristics. Finally, the use of 
ToF-SIMS analysis makes it possible to distinguish between mechanical and 
tribochemical wear mechanisms. 
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