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Abstract

In the presented thesis, infrared measurement techniques adapted to on-line mon-

itoring of the deterioration of lubricants are presented. The deterioration of lubri-

cants is revealed by changes of their infrared spectra. For purposes of on-line mon-

itoring a Fourier-Transform Infrared Spectroscopy (FTIR) was combined with

the Attenuated Total Reflectance (ATR) measurement technique using infrared

transmitting fibers. The proposed set-up enables direct access to the investigated

substances and is characterized by its high measurement sensitivity. The spectro-

scopic results enabled the development of a novel, robust and industry-suitable

ATR-sensor to monitoring of lubricant while in use. The sensor is characterized

by a higher mechanical stability and a significant price advantage in comparison

to FTIR-ATR-fiber-optic technique. The results obtained from the new sensor

concur with those of a traditional spectroscopic investigation to prove the appli-

cability of the proposed solution for the detection of significant degradation of

lubricants.





Zusammenfassung

In der vorliegenden Arbeit werden Infrarot-Messtechniken dargestellt, die zur

on-line Überwachung von Ölalterungsprozessen in industriellen Anlagen ein-

setzbar sind. Der Ölalterungsprozess wird durch die Analyse der Infrarot-

Spektren der Öle sichtbar. Um diese on-line messen zu können, wird die Fourier-

Transform-Infrarot-Spektroskopie (FTIR) mit Abgeschwächter Total-Reflexions-

Messtechnik (ATR) mittels Infrarot-Lichtwellenleiter kombiniert. Diese Mes-

sanordnung ermöglicht den direkten Zugang zu Proben bei gleichzeitiger

Aufrechterhaltung der hohen Sensitivität der Messanordnung. Auf dieser Grund-

lage wurde ein neuartiger, kompakter, mechanisch stabiler und preiswerter ATR-

Sensor, der zur on-line Überwachung des Zustands der Öle geeignet ist, konzipiert,

entwickelt und im praktischen Betrieb getestet.





Contents

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Aims of the Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Lubricants 5

2.1 Classification and Properties . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Aging Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Aging in General . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.2 Auto-Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.3 Oxidation at High Temperatures . . . . . . . . . . . . . . . 17

3 Infrared Spectroscopy 19

3.1 Infrared Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.1 Infrared Absorption . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.2 Absorption Measurement . . . . . . . . . . . . . . . . . . . . 26

3.2 Fourier Transform Infrared Spectroscopy . . . . . . . . . . . . . . . 32

I



II CONTENTS

3.2.1 Michelson Interferometer . . . . . . . . . . . . . . . . . . . . 32

3.2.2 Spectral Resolution . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.3 Apodisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.4 Phase Correction . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.5 Sampling and Signal to Noise Ratio . . . . . . . . . . . . . . 45

3.2.6 Advantages of FTIR Spectroscopy . . . . . . . . . . . . . . . 48

3.2.7 Infrared Detectors . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3 Quantitative Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.3.1 Classical Chemometric Methods . . . . . . . . . . . . . . . . 60

3.3.2 Factor Spaces . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4 Attenuated Total Reflectance Spectroscopy 66

4.1 Internal Reflection . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 Attenuated Total Reflectance . . . . . . . . . . . . . . . . . . . . . 72

4.3 Infrared Fibers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5 Measurement Results 85

5.1 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.2 On-Line Aging Measurements . . . . . . . . . . . . . . . . . . . . . 95

5.2.1 Measurement Set-up . . . . . . . . . . . . . . . . . . . . . . 95

5.2.2 Detector Stability . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2.3 Measurement Software . . . . . . . . . . . . . . . . . . . . . 101

5.2.4 Temperature Correction . . . . . . . . . . . . . . . . . . . . 106



CONTENTS III

5.2.5 Crystal Aging . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.3 Fresh and Old Lubricants . . . . . . . . . . . . . . . . . . . . . . . 112

5.3.1 Static Measurements . . . . . . . . . . . . . . . . . . . . . . 112

5.3.2 Aging Monitoring . . . . . . . . . . . . . . . . . . . . . . . . 121

6 ATR Sensor 130

6.1 Principle of Operation . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.1.1 Optical Bench . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.1.2 Signal Conditioning . . . . . . . . . . . . . . . . . . . . . . . 139

6.1.3 Measurement Software . . . . . . . . . . . . . . . . . . . . . 142

6.2 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . . . 143

7 Conclusions 150

List of Symbols 153

List of Abbreviations 157

Bibliography 159

Acknowledgement 169

Publications 170





1 Introduction

1.1 Motivation

Moving parts in industrial devices require lubrication. The efficiency of a pro-

duction process depends on the quality of this lubrication and on the kind and

the quality of the lubricant used. The quality of a lubricant does not remain

constant during its use. It changes depending on the loads, operating tempera-

tures, pressures and its working environment. Just as a slight loss of lubricating

properties leads to a decrease in the production efficiency through an increase in

production costs, an advanced degradation or even a decomposition of a lubri-

cant threatens with serious failures of devices followed by production delays and

high repair costs. Thus, an important part of maintenance programs in indus-

trial facilities is the determination of a degradation state of the used lubricant

and prediction of its remaining life-time. Similar to the danger connected with

an overdue exchange of a lubricant, changing it too early is connected with a

series of negative features such as: overly short maintenance intervals followed

by production losses, costs of lubricants, which in amounts of thousands of liters

can not be neglected, and finally expenses connected with the disposal of old

lubricants. It must be emphasized that used lubricants are serious environmental

pollutants. Therefore special attention must be given to the disposal programs.

In Germany, the yearly consumption of industrial lubricants is on the order of

700 000 tons. About 40 % of this amount is re-refined, 10 % is burned and next

40 % are regenerated. The fate of the last 10 % is unknown [1, 2, 3, 4, 5].

As briefly described above, the determination of the exchange-time of indus-

trial lubricants is an important task. The exchange-time is determined based

on results from a periodic analysis conducted off-site in laboratories. A standard

analysis is comprised of a refractive index measurement, a viscosity measurement,
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a Total Acid Number TAN or a Total Base Number TBN determination and in-

frared spectroscopy. In case of additional uncertainties, more advanced tests are

carried out. It must be emphasized that none of above tests separately deliver

trustworthy information about the condition of the investigated lubricant. The

results from all the tests are collected in so called correlation charts from which

final conclusions are drawn. The accuracy of the obtained results is influenced

by: the frequency of the analysis (which must increase with time), the quality

of extracted samples (whether they are proper representatives of the whole pop-

ulation) and the transport conditions. Additionally, expenses of the shipment

and the analysis, together with production losses connected with extraction of

samples account for some of the serious disadvantages for the off-site laboratory

analysis [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16].

Due to these facts, efforts towards the development of a reliable on-line lubricant

analysis program have been made for years. As already mentioned, this program

must comprise all of standard off-site tests. Presently, there exist on-line working

sensors, which measure the dynamic viscosity at 40◦C and 100◦C - offered by

Bode, the density, the water content and the dielectric constant - produced by

Bode, Temic or Sentronic and the amount of contaminating particles - offered

by Hydac, Mahle or Pall. The sensors that can perform on-line infrared mea-

surements are still not available. For this reason the idea to develop an infrared

sensor for on-line lubricant analysis arose.

1.2 Aims of the Study

The following thesis deals with the problems associated with on-line infrared

spectroscopy. Infrared spectroscopy is one method to identify the chemical com-

position of substances on a basis of their specific absorptions originating from

transitions between vibrational and rotational energy levels of the molecules.

The infrared spectral range divides into far-IR (500-50) µm, mid-IR (2.5-50) µm

and near-IR (2.5-0.75) µm. Basic vibrational transitions of particles occur in

the mid-IR spectral range. Thus, mid-IR spectra do not contain the overtones,

combinational bands and artifacts associated with other areas making the in-
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terpretation of results from this area of the infrared spectrum less troublesome

[17, 18, 19]. Depending on the type of the measured substance, an infrared mea-

surement can be carried out with techniques known as Transmission, Attenuated

Total Reflection (ATR), Specular or Diffuse Reflection [20, 21, 22, 23, 24]. De-

spite the last two measurement techniques, which can be also used to investigate

existing surfaces of solids, samples for infrared measurements must be prepared

and placed in specially designed sample cells. An infrared spectrum is created by

a dividing a two separately collected sample and reference spectra. Infrared spec-

trometers are sensitive and expensive devices due to the optics used, as well as in

the case of Fourier Transform Infrared (FTIR) spectrometers, due to their built

in Michelson Interferometer. For all these reasons, infrared spectroscopy is an

established measurement method, but its application field is limited to precisely

controlled laboratory conditions and static measurements.

The newest research on the field of infrared spectroscopy has delivered a pos-

sibility of on-line reaction monitoring in laboratory conditions through the use

of infrared fibers. The fibers for infrared spectral range differ strongly in their

composition, structure and mechanical properties from the typical fibers used in

visible spectral range. Infrared fibers are usually made of fused silica, silver-halide

or chalcogenide glass. Their lengths are limited to few tens of centimeters due to

their mechanical sensitivity. Spectroscopic measurements conducted with infrared

fibers require extremely stable measurement conditions and sensitive detectors be-

cause of the strong light attenuation within the fibers [25, 26, 27, 28, 29, 30, 31].

The aim of the presented study was to prove of the applicability of mid-IR chalco-

genide fibers to on-line FTIR monitoring of lubricant aging. First, an inspection

of the sensitivity of the measurement set-up had to be made. Next, the aging of

lubricants had to be conducted and its on-line monitoring with the set-up carried

out. Also, the influence of the changeable temperature of the sample on the mea-

surement results had to be examined. On the basis of FTIR-fiber examinations,

a new robust and well-priced ATR-IR sensor, which performs on-line lubricant

analysis has been developed.
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1.3 Structure of the Thesis

At the beginning of the presented thesis the reader is introduced to problems

facing lubrication, lubricant aging and its analysis. In the first chapter a clas-

sification of lubricants and additives is presented. The discussion of the aging

process is limited to the chemical degradation in a form of oxidation. Because of

the wide variety of existing lubricants, the thesis concentrates - as an example -

on lubricants for different sorts of gearboxes. In the second chapter the basics of

infrared spectroscopy are introduced. Firstly, a physical theory of the origin of

infrared absorption is explained. Then the theory of infrared measurement, the

construction and function of Fourier-Transform Infrared Spectrometers (FTIR)

used in modern research are presented. The applied Attenuated Total Reflectance

(ATR) technique is the subject of the third chapter, where the theory, the prac-

tical aspects and considerations concerning the applied measurement set-up are

discussed. Infrared fibers, their variety, physical and mechanical properties are

described in chapter number four. The FTIR-fiber investigations of lubricants

as conducted are described in the next chapter. It begins with characteristic

features of the measurement set-up, which consists of an FTIR spectrometer,

mid-IR fibres, an ATR crystal and a special MCT detector. It continues with the

adaptation of the set-up to on-line measurements; herewith the liquid nitrogen

filling system, the measurement software and the temperature correction of the

collected data. The chapter concludes with the results of static investigations of

some received and self aged lubricant samples. Finally, in the sixth chapter the

construction and principle of operation of the developed ATR-IR sensor are pre-

sented. The usefulness of the sensor is proved by concurring results of the same

lubricant samples as compared with results obtained from traditional FTIR-fiber

measurements. The summary of the thesis emphasizes once again the advantages

and disadvantages of the investigated FTIR-fiber measurement and the developed

ATR-IR sensor and indicates the problems to be solved in the future.



2 Lubricants

2.1 Classification and Properties

Lubricants are substances that reduce torsion forces while moving and preserve

mechanical parts from wear, friction, debris and corrosion. Lubricants are char-

acterized by sufficient resistance to aging and oxidation, ability to eliminate solid

contaminants from the lubricated environment and operate at a desired temper-

ature. Additionally, they should not form foams and emulsions and should not

attack lubricated materials, seals and bearings. This definition includes:

• oils

• greases

• solids

• gases

The following thesis is focused on lubricating oils.

Lubricating oils are classified, with regard to the place of their origin, into:

• mineral oils

• synthetic oils

Mineral oils are lubricants obtained from natural crude oils. In their production

process, impurities are removed and pure hydrocarbon chains are left. The chem-

ical structure and in that, the properties of the oil, depend strongly on the place

of origin of the crude oil. Mineral oils are composed of:

• saturated aliphatic hydrocarbons

• unsaturated aliphatic hydrocarbons
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• hydrocarbons with cyclic rings

• hydrocarbons with aromatic rings

• trace amounts of asphaltenes - compounds of oxygen, sulphur, phosphorus
and nitrogen

The chemical stability of mineral oils depends on the relative concentrations of

the above listed constituents. The most stable are paraffinic oils containing only

saturated aliphatic hydrocarbons. Less stable are naphtenic oils with majority

of cyclic rings, and the weakest resistive properties are exhibited by aromatic

oils with aromatic groups contained in their hydrocarbon chains. Mineral oils,

although being cheap, exhibit worse resistive properties than synthetic oils. At

about 80◦C a chemical degradation of mineral oils begins. Additionally, they are

aggressive to most of the parts being lubricated. Therefore, they are used in

applications with low loads, low pressures and low operating temperatures.

Some sample structures of paraffinic, naphtenic and aromatic oils are illustrated

in Figure 2.1.
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Figure 2.1: Chain structure of hydrocarbons creating lubricants: a) paraffinic
(straight and branched), b) naphtenic and c) aromatic. N ∈ (1-60).
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Synthetic oils are hydrocarbons with a fully controlled chemical structure. In their

production process the content of unsaturated and aromatic hydrocarbons is min-

imized. Thus, synthetic oils are characterized by: low variations of the viscosity

with temperature, wide operating temperature ranges, the chemical stability, the

aging and oxidation resistance and non-flammability [1, 2, 3, 4, 5].

The most important representatives of synthetic oils are:

• polyalphaolefins

• di-esters

• polyol-esters

• phosphate esters

• polyglycols

• ethers

• silicones

The most popular of synthetic oils are polyalphaolefins (PAO). Their structure is

almost undistinguishable from the structure of mineral oils, but their molecular

mass is strictly defined. They exhibit favorable low temperature characteris-

tics. Poyalphaolefins are characterized by better chemical stability and longer

life-times than mineral oils, even at elevated temperatures. A group exhibiting

similar resistive and even better lubricating properties than PAOs are carboxylic

esters (di-esters, polyol-esters). Phosphate esters have very good anti-wear per-

formance, but their operating temperatures is limited to 100◦C. Due to this fact,

they are suitable for high-load, low-temperature applications. Polyglycols are

used because of their good thermal stability, solubility in water and good low

temperature behaviour. They are mostly applied in worm gears, where low tor-

sion coefficients are required. They are, however, aggressive to most lubricated

materials. Polyglycols are used in applications with temperatures up to 200◦C.

Finally, at temperatures exceeding 300◦C, ethers are used.

Pure lubricants, both mineral and synthetic, are unable to preserve sufficient

lubrication over long periods of time. In order to lengthen their use and improve,

as well as introduce some new properties, special additives are used. There exists

several classes of additives:



8 2 Lubricants

• oxidation inhibitors

• viscosity index improvers

• pour point depressants

• detergents and dispersants

• extreme pressure additives

• friction modifiers

• antifoam agents

• demulsifiers etc.

Oxidation inhibitors, (anti-oxidants), moderate the rates of oxidizing reactions

mostly by reducing the concentrations of active radicals. Oxidation is the great-

est danger to lubricants. An exact description of oxidation can be found in the

next section. Natural anti-oxidants are sulfur and nitrogen compounds, which im-

pair the formation of active radicals. Other substances exhibiting anti-oxidative

behaviour are metal organophosphates, amines, hindered phenols, phenol deriva-

tives, organic phosphites and organometallics.

Viscosity Index improvers, VI additives, change the viscosity-temperature (VT)

characteristics of lubricants. Usually, the viscosity of lubricants varies strongly

with temperature. VI improvers reduce the slope of VT plots. This is important

especially for lubricants working in winter, as well as in summer. Presently, the

most important VI improvers are oil-soluble linear polymer molecules, such as

polyisobutenes, polyolefins and polyalkylstyrenes.

Pour point depressants are substances, which improve the flowing characteristics

of oils at low temperatures. Some chemicals classified as pour point depressants

are bicyclic aromatics with several alkyl chains, polymethacrylates, long chain

alkyl phenols and copolymers of vinylacetate and ethylene.

Detergents and Dispersants, HD additives, are substances, which preserve oil-

insoluble combustion and oxidation products from agglomeration. They neutral-

ize acidic bi-products of combustion, thereby preventing corrosive wear. About

50 % of all additives used in lubricants are HD additives. HD additives are sub-

stances containing polar groups, metal ions or oleophilic aliphatic, cycloaliphatic
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and alkylaromatic hydrocarbon radicals. Such substances are naphthenates,

stearates, sulfonates, phenates, phosphates and carbonates.

Extreme pressure (EP) and anti-wear (AW), additives increase the load capacity

of lubricants. This class of additives consists of sulfur, chlorine, phosphorus and

nitrogen compounds for example ZDDP (Zinc Diethyl Dithiophosphate) used in

motor and hydraulic oils.

Friction modifiers reduce friction forces during start-up and shut-down processes

by forming thin layers on friction surfaces. To the class of friction modifiers

belong polar oil-soluble substances such as: fatty alcohols, amides and salts.

Antifoam agents prevent from formation of foam, which cannot provide sufficient

lubrication. Antifoam agents are liquid silicones, polyethylene glycol ethers and

sulfides.

Demulsifiers are anion-active compounds, which prevent from formation of water-

in-oil emulsions in humid environments.

Corrosion inhibitors prevent the access of corrosive substances to metal surfaces.

Corrosive substances are bi-products as lubricants or other additives such as EP

additives degrade. Corrosion inhibitors are substances containing polar groups in

long alkyl chains or substances reacting with metal surfaces and forming therewith

protective layers. To the class of corrosion inhibitors belong nitrogen compounds,

fatty acid amides, phosphoric acid derivatives, sulphonic acids, sulfur compounds,

carboxylic acid derivatives and metal passivators.

A detailed description of the chemistry of lubricants, their additives and their

operation can be found in [32, 33, 1, 2, 3, 4, 5].

2.2 Analysis

The chemical composition of a lubricant is specially adapted to each application,

especially with regard to expected operating temperatures, speeds and loads. Due

to this fact, properties of particular lubricants differ from each other and must
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be specified for each product separately. Such specification of a lubricant consists

of:

• density - measured usually at 15◦C according to DIN 51757

• viscosity - the resistance to flow. The viscosity determines the efficiency

of lubrication. Usually, the viscosity of liquids decreases as the tempera-

ture increases. The viscosity is measured either as kinematic or as dynamic

viscosity. Kinematic viscosity is measured at temperatures (10-150)◦C, ac-

cording to DIN 51561 and DIN 51562. The dynamic viscosity below 100◦C

is determined according to DIN 53015 and at low temperatures accord-

ing to DIN 51377. From the kinematic viscosity a viscosity index (VI),

which defines the viscosity-temperature relationship (VT), is calculated.

The better VT characteristic, the higher VI. VI is measured according to

DIN ISO 2909

• refractive index - according to DIN 51423

• shear stability - a loss of viscosity with use, according to DIN 51382

• water separation test - according to DIN 51589

• emulsion forming - according to DIN 51599

• air separation characteristics - according to DIN 51381

• flash point - a temperature, at which first flash appears in the air-oil mix-

ture, but no further burning occurs. Below 55◦C flash point is measured

according to DIN 51755, below 100◦C - according to DIN 51758 and beyond

100◦C according to DIN 51376

• cloud and pour point - a temperature, at which oil becomes cloudy or

it starts flowing. Cloud point and pour point are measured according to

DIN 51597 and DIN 51597, respectively

• evaporation loss - according to DIN 51581

• spectroscopical analysis - according to DIN 51384

• water content - for concentrations higher than 0,1 % measured according

to DIN ISO 3733. For lower concentrations according to DIN 51777

• sulfur content - according to DIN 514000 and DIN 51364
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• ash content and determination of hetero-elements - according to DIN 51575

• acidity (alkalinity) - Total Base Number (TBN) and Total Acid Number

(TAN) - DIN 51558. TAN is defined as the amount of KOH (mg) required

for neutralization of acidic substances contained in 1g of an oil. Similarly,

TBN is the amount of an acid, expressed in mg of KOH, required for neu-

tralization of a base contained in 1g of an oil.

• corrosiveness - according to DIN 51759, DIN 51353 and DIN 51759

• compatibility of the oil with lubricated parts

• thermal stability

• thermal conductivity

• chemical stability

• toxicity

• color - according to DIN ISO 2049

• contamination with solid particles - according to DIN 51592

In Germany, the classification of gear oils for automotive gears according to their

viscosity class is defined in DIN 51512 and for industrial gears in DIN 51519. The

classification according to the lubrication efficiency is contained in DIN 51517-1,

DIN 51517-2, DIN 51517-3. Particular outlines for selection of an automotive

gear lubricant are specified directly by producers. Outlines for proper selection

of industrial lubricants are defined in DIN 51509. Some example properties of

particular gear oils are collected in Table 2.1.

Properties of lubricants change with time, and eventually lubricants do not fulfill

their function any more - they age. In order to determine a grade of this aging

an analysis of a lubricant must be carried out. The information gained from the

analysis serve to properly determine the service life of the lubricant or to detect

system failures. It protects against high financial loses and damages of lubricated

devices. The first visible signs of aging of the oil are: darkening, a change of

the smell and usually an increase in viscosity. The analysis of used lubricants

consists basically of the same tests as test conducted on fresh lubricants for their

specification. The tests are conducted periodically in commercial laboratories,
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Table 2.1: Typical features of example gear oils [1].

Property Unit Manual Hypoid Industrial Industrial
Gear Oil Gear Oil 1 Gear Oil 1 Gear Oil 2

Density at 15◦C g/ml 0.900 0.909 0.892 0.903
Viscosity at 40◦C mm2/s 87.0 200 140 440
Viscosity at 100◦C mm2/s 10.0 17.4 13 28
Viscosity Index 94 93 96 97
Pour Point ◦C -30 -24 -24 -12
Phosphorus mass % 0.07 0.11 0.05 0.05
content
Sulphated Ash mass % 0.1 0.1 0.03 0.04

where samples must be delivered. The frequency of the laboratory analysis de-

fines the accuracy of the exchange-time determination. The aging processes of

lubricants accelerate with time and the frequency of the laboratory analysis must

be therefore gradually increased. The amount of this increase is however unde-

fined. Therefore, an optimal analysis of lubricants would be conducted on-line in

lubricated devices. Such on-line analysis would have to consist of as many labo-

ratory tests as possible, including infrared analysis to deliver information about

the oxidation stage of lubricants. Presently, conduction of in-situ infrared mea-

surements is still an unsolved problem, due to hardware limitations described in

the following chapters.

As mentioned in the introduction a disposal of waste lubricants is a serious prob-

lem. Partially waste lubricants are collected in order to prevent contamination

of the environment. In regions where collection of lubricants is expensive, or for

some other reasons impossible, lubricants are burned. Partially aged lubricants

are reconditioned or regenerated. Reconditioning is a term concerning contami-

nated oils, which did not lose their lubricating properties. In such cases impurities

and sludge are removed by means of sedimentation, filtration, centrifugation or

addition of adsorbents. Heavily contaminated and oxidized oils are regenerated.

The process of regeneration consists of six stages: sedimentation, atmospheric

distillation up to 250◦C, sulfuric-acid treatment followed by lime neutralization,

decanting with filtration, vacuum distillation and finally treatment with bleaching

clay [1].
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2.3 Aging Process

2.3.1 Aging in General

Aging means all changes in the composition or properties of a lubricant, regard-

less of the fact, whether they affect its quality or not. This definition includes

contamination, chemical degradation, vaporization of components and additive

depletion. Contamination originates from external and internal sources of macro-

and micro-particles for example: metal, water, rust, dust or sludge. Extremely

dangerous are metal particles, especially Fe and Cu, which catalyze the oxida-

tion process. One source of metal particles are the lubricated parts themselves.

External contaminants can get into a lubricating system through leaks leading

to its surrounding. The chemical degradation of lubricants is identified with the

oxidation process. A rate of the oxidation depends on the structure of the oil,

operating temperature, load and a duration of the heat treatment. In princi-

ple, final primary products of the oxidation are acids, alcohols and water. The

existence of these, cause accelerated corrosion and further oxidation. Thus, the

oxidation process, once begun, cannot be stopped. The process runs differently,

depending on oxidized lubricants and reaction conditions. However, its main pat-

tern remains unchanged. In the next subsections, more detailed considerations

of the oxidation process are presented [3].

2.3.2 Auto-Oxidation

Auto-oxidation is a self-accelerating oxidation occurring at moderate tempera-

tures (<120◦C). The reaction is auto-catalyzed and runs through a so called free

radical mechanism [2]. It consists of four stages:

• initiation

• propagation

• chain branching

• termination
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Initiation

In the initiation stage, the oxidation is catalyzed in the presence of oxygen and

trace amounts of ions of transition metals:

CH
3

CR

H

H

CH
3

CR

H

HOO
M /O

n+

2

Mn+ refers to one of the following metals: Co, Fe, V, Cr, Cu or Mn. In the above

reaction an alkyl radical (-C•RH) is created. The rate of initiation is very slow.

One place in a hydrocarbon chain, which is affected by the oxygen, depends on

the structure of the hydrocarbon chain and increases in following order [2]:

RCH -H  <  R CH-H  <  R C-H  <  RCH=CH(R)HC-H  <  C H (R)HC-H2 2 3 6 5

Propagation

Further, alkyl radicals react irreversibly with the oxygen, forming alkyl peroxy

radicals :

R(CH )CH3 O2 R(CH )CH-OO3

This reaction demands a low activation energy and runs extremely fast. As next

the peroxy radical abstract a hydrogen atom from another hydrocarbon chain:

R(CH )CH-OO3 RH R(CH )CHOOH3 R

Peroxy radicals are not as reactive as alkyl radicals. Therefore, above and further

reactions determine the rate of the whole oxidation process. Low reactivity of

peroxy radicals results in relatively high concentrations of them in used lubricants.

Products of the last reaction are: hydroperoxide and a new alkyl radical. The

alkyl radical reacts again with the oxygen, as already described.

An even more favourable way of hydrogen abstraction from a hydrocarbon chain

is called intramolecular propagation:
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RHC-(CH ) -C(R )R2 n

2 1

O

OH

RHC-(CH ) -C(R )R2 n

2 1

O H

O

RHC-(CH ) -C(R )R2 n

2 1

O

OH

O

O

RH
RHC-(CH ) -C(R )R2 n

2 1

O

OH

O

OH

R

O2

In this reaction alkyl dihydroperoxides are created. If the second to the last

radical of the above reaction abstracts its own hydrocarbon alkyl dihydroperoxide

radicals are created:

RC-(CH ) -C(R )R2 n

2 1

OH

O

O

O

H

RC-(CH ) -C(R )R2 n

2 1

OH

O

OH

O

The formed alkyl dihydroperoxide radical further reacts with the oxygen. This

is followed by another intramolecular hydrogen abstraction, in which alkyl tri-

hydroperoxide and alkyl radical are created. To sum up, the chain propagation

follows through the formation of various hydroperoxides and the degradation of

the main hydrocarbon chain [2].

Chain Branching

Next comes to chain branching. If concentrations of hydroperoxides (ROOH) in

the oil are low, catalysts are present and at high temperatures, alkoxy - (RO•)

and hydroxy radicals (HO•) are created as follows:

ROOH RO HO

These new radicals are chemically active and abstract hydrogen in the following

way:
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HO CH -R3 H O2 RCH2

HO H O2 R(R )HC
1

R-CH -R2

1

RCH O2 R-CH3 RCH OH2 RH C2

Secondary and tertiary alkoxy radicals form aldehydes (RCHO) and ketones

(RCOR’):

R
1

CR

H

O RCHO R
1

R
1

CR

R
2

O RCOR
1

R
2

If the concentration of hydroperoxides after the chain propagation is high enough,

a bimolecular mechanism is preferable:

ROOH ROOH

H      O      OR

R      O      O      H

ROO H O
2RO

It is evident that up to this stage the concentration of hydroperoxides and active

radicals initiating new chains increases [2].

Termination

Before all hydrocarbons are consumed, it comes to the termination of the ox-

idation. The termination follows through a combination of radicals producing

unreactive species such as ketones (RCOR’) and alcohols (RR’HCOH):

2RR CHOO
1 R(R )CHOOOOCH(R )R

1 1

R(R )C=O
1 O2 HO-CH(R )R

1

If the amount of the present oxygen is low, two other ways of the termination are

possible:
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ROOR ROOR

R R R-R

Generally products of the auto-oxidation are: alkylhydroperoxides, dialkylperox-

ides, alcohols, aldehydes, ketones, diketones, keto-aldehydes, hydroxyketones and

so forth [2].

2.3.3 Oxidation at High Temperatures

At temperatures over 120◦C the oxidation can be divided into a primary and

a secondary phase. In the primary phase the initiation and the propagation of

the radical chain reaction takes place. It follows exactly the same pattern as

in the auto-oxidation, but reaction rates are higher. Additionally, organic acids

(RCOOH) are created from hydroperoxy radicals:

OO

OOH

R-CH-CH -C-R
2

1

R
2

OOH

OOH

R-C-CH -C-R
2

1

R
2

OOH

R-CO-CH -C-R
2

1

R
2

O

R -CH -C-R
2 1

2
R-COOH

- HO

R-CHO
O

2

RH

- R

- ROOH

ROO
R-C

O

R-COO

O

½ O
2

R-COH

O

R-COOH

O

Or, as presented in the following reaction, ethers are formed:

- HO
R-CH-CH -CH -R

2 2

1

OO

RCH-CH -CH-R
2

1

OOH

RCH-CH -CH-R
2

1

O

The termination follows the low temperature pattern or peroxy radicals interact

giving primary and secondary alkoxy radicals :
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2ROO ROOOOR 2RO O
2

In the secondary phase polycondensation and polymerization take place. In the

reaction of polycondensation, aldehydes and ketones combine forming unsatu-

rated aldehydes and ketones:

H O2
RCO-(CH ) CH-CHCOR2 n

1RCO-(CH ) CHO2 n CH -COR3

1

Further condensation leads to high molecular weight, but still soluble products.

As a result, the viscosity of the oil increases. Under these conditions the poly-

merization of the products of the polycondensation occurs. A product of the

polymerization is an insoluble sludge. The presented overview of the oxidation

process is not complete, because of its difficulty and a variety of possible reaction

patterns. A more detailed description of the chemistry of above can be found in

[2].



3 Infrared Spectroscopy

3.1 Infrared Spectroscopy

3.1.1 Infrared Absorption

Infrared Spectroscopy is also called vibrational spectroscopy due to the nature of

the interaction of light with the matter. An electromagnetic wave interacts only

with molecules having a natural or induced dipole moment. A schematic of this

interaction is shown in Figure 3.2.

+

-

Ground
State

Excited
State

|E|
+ +

- t-

+

-

+

-

+

-

+

-

Figure 3.2: Vibrating molecule excited by the infrared radiation.

The dipole moment originates from different probabilities of finding electrons

around particular atoms of a molecule. The Figure 3.2 presents the simplest case

of a two atom molecule with a given spatial charge distribution. The magnitude

of the dipole moment is expressed by:
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~µ = q~r (3.1)

where q represents the elementary charge and r is the distance between the bonded

atoms. If a molecule consists of more than two bonds, the total dipole moment is

a vector sum of partial dipole moments. From Figure 3.2 it is evident that when

an alternating electrical field interacts with the dipole, periodically attracting and

repelling the atoms analogous to the attraction and repeal of electrical charges of

the same sign, occurs. In this way a molecule begins to vibrate. The frequency

of this vibration corresponds exactly the frequency of the electromagnetic wave

and the energy is transferred from the light to the matter. Infrared absorption

has taken place. The real change of the bond length is only of few percent of

its unexcited length. The scale in Figure 3.2 is magnified for clarity. The num-

ber of possible vibrations, so called modes , increases with the number of atoms

making up the molecule and depends on the spatial shape of the molecule. If a

two atom molecule is considered, 6 degrees of freedom are necessary to describe

its motion. These are: 3 - connected with the motion of the middle of the mass

of the molecule, 1 - describing the vibration of the molecule along its axis and

2 - for rotations around the axes perpendicular to the molecule. The vibra-

tional and rotational degrees of freedom of a two atom molecule are shown in

Figure 3.3 [34].

In Table 3.2 expressions allowing the determination of the number of possible

vibrational modes of a N-atom molecule, are listed.

Table 3.2: The number of possible vibrational modes. N represents the number
of atoms making up the molecule [34].

Type of molecule Normal mode formula

Linear 3N-5

Nonlinear 3N-6

Three conditions must be fulfilled in order for infrared absorption to take place.

First of all, the change in the dipole moment with respect to the change in the

distance between atoms can not be zero. It is expressed as:
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x

y

z

Vibration

Rotation

Rotation

Figure 3.3: Three of six degrees of freedom of a two atom molecule: two rota-
tional about x and z axis and one vibration along the y axis.

dµ

dx
6= 0 (3.2)

There exist molecules having a dipole moment, but not fulfilling the above con-

dition, for example the symmetric stretch of a CO2 molecule. Such molecules are

either infrared inactive, or some of their modes, which do not fulfil the above con-

dition, are not visible in an infrared spectrum. Examples of some basic infrared

active modes, are depicted in Figure 3.4.
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H H
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H H
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H H
Symmetric

Stretch
Asymmetric

Stretch
Scissors

C

H H H

CH H

H

CH H

Rocking Asymmetric
Bend

Symmetric
Bend

Figure 3.4: Examples of main classes of infrared induced vibrations [34, 19].
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The vibrations of active molecules can be described as vibrations of a harmonic

oscillator. The equation of a harmonic oscillator in classical physics results from

comparison of Hook’s and Newton’s laws:

d2x

d2t
m + kx = 0 (3.3)

where k is the force constant of the spring N/cm, x is the displacement, m is the

reduced mass calculated (for a two atom molecule with masses of atoms M1 and

M2) according to:

m =
M1M2

M1 + M2

(3.4)

The approximated solution of the equation 3.3, obtained with classical methods,

delivers the wavenumber ν at which the infrared absorption takes place:

ν =
1

2πc

√

k

m
(3.5)

The wavenumber ν is a spectroscopic unit introduced by Rydberg in year 1880.

It is defined as the reciprocal of the wavelength [34, 19, 18, 35]:

ν =
1

λ
(3.6)

The problem of the harmonic oscillator can be exactly solved by means of quan-

tum physics. For this purpose a potential in the form 3.7 has to be introduced

to the Schrödinger’s equation 3.8. The above potential represents the first part

of the expansion of Morse’s potential:

V =
1

2
mω2x2 (3.7)

− ~2

2m

d2Ψ

dx2
+

1

2
ω2x2Ψ = EΨ (3.8)

where m represents the mass of the molecule, x is the bond length, ω = 2πν is

the angular frequency, ~ = h/2π with h Planck’s constant h= 6.626·10−34 J · s,
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Ψ represents the wave function and E are searched energy levels of the molecule.

The solution of Schrödinger’s equation delivers an expression for permitted energy

states of the molecule, indicating therefore that the energy of the molecule is

quantified. The allowed energy levels are described by an additional quantum

number n, completing the set of atomic quantum numbers:

En = (n +
1

2
)hν (3.9)

where n = 0,1,2,... and ν the frequency of the absorbed radiation. Thus, the

quantum physics shows that even in its ground state a molecule poses a rest

vibrational energy equal to E = 1

2
hν. Only transitions fulfilling the condition

∆n = ±1,±2,±3, ... or ∆J = ±1,±2,±3, ... for rotational transitions (J - rota-

tional quantum number) are allowed [36, 37, 35].

A plot of the classical potential energy of the harmonic oscillator with respect to

the bond length and the quantified structure of its energy levels is presented in

Figure 3.5. In the ground state the condition of the minimum energy defines the

length of the chemical bond rmin.

From Figure 3.5 it is evident that the molecule can be excited to higher vibrational

levels (n ≥ 1) by energies fulfilling the condition:

∆E = Em − En = hν (3.10)

This excitation allows the bond to lengthen and shorten in a range limited by the

potential obtained from the classical physics. Fundamental vibrational transitions

(between the ground state E0 and the first excited state E1), of most molecules lie

in the mid-IR (middle infrared) spectral range (400-4000) cm−1. The transitions

to the higher levels demand more energy. These transitions, called overtones are

observed in the near-IR (near infrared) spectral range (4000-10000) cm−1. Their

amplitude is, however, significantly smaller than the amplitude of bands from

mid-IR spectral range. It should be emphasized that the higher vibrational levels

are not equally spaced. It is caused by the real anharmonic nature of vibra-

tions, which results from the different masses of atoms making up the molecule.
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Figure 3.5: Plot of the harmonic potential of a molecule obtained from the
classical solution. The quantified vibrational (—) and rotational levels (· · · ) are
also marked.

This influences the amplitudes of vibrations of particular atoms. For this rea-

son the interpretation of near-IR spectra is difficult. Between two vibrational

levels rotational levels are placed. The distances between rotational levels are

much smaller than those of vibrational levels and the demanded excitation en-

ergy respectively lower. It corresponds to far-IR (far infrared) spectral range

(10-400) cm−1 [36].

So far, only the origin of positions of absorption peaks in an infrared spectrum

has been explained. Information about the investigated substance is also included

in the amplitude and the shape of absorption bands. The shape of infrared

absorption bands originates from:

• natural broadening

• Doppler’s broadening



3.1.1 Infrared Absorption 25

• interaction with neighbours

The natural broadening comes from Heisenberg’s Uncertainty Principle:

∆ν =
1

2π∆t
(3.11)

where ∆ν is the frequency uncertainty and ∆t is the time uncertainty.

The shape of the line caused only by the natural broadening is described by the

Lorentzian function at the frequency ν:

I(ν) = I0

( γ

4π
)2

(ν − ν0)2 + ( γ

4π
)2

(3.12)

The coefficient γ considers the radiation losses and is expressed by:

γ =
2πq2ν2

0

3ε0mc3
(3.13)

where q is elementary charge, ν0 represents the frequency of the peak maximum,

ε0 is permittivity of vacuum, m is the mass and c is the speed of light. In

real spectra, the natural shape of the line can be observed only in seldom cases

and only at the edges of spectral lines. This is because the strong Doppler’s

broadening almost always covering the natural line shape.

The Doppler’s broadening in infrared spectroscopy originates from thermal mo-

tions of molecules and atoms. The motions are purely random and can therefore

be represented by Gaussian distribution. The resultant absorption lines are de-

scribed by:

I(ν) = I0 exp

[

−
(

2
√

ln 2
ν0 − ν

δνD

)2
]

(3.14)

with δνD - the FWHH (half width at half height) of the spectral line.

Only spectra of gases exhibit sharp absorption lines resembling theoretical

Lorentzian or Gaussian functions. In reality, even their spectra are strongly de-

pendant on the pressure broadening. Spectra of liquids and solids are generally



26 3 Infrared Spectroscopy

influenced by a so called intramolecular interaction. Intramolecular interaction is

an interaction between neighbouring molecules. An example of such is a hydrogen

bond in water. This interaction causes infrared bands to be broad over a few tens

of wavenumbers and impedes the identification of single absorbtion bands. On

the other hand, intramolecular interaction, in a presence of variety of chemical

environments, makes the identification of any substance explicit [36].

The variety of observed absorption lines are classified in so called group wavenum-

bers. The group wavenumbers are characteristic for special functional groups

included in the sample, independent from the chemical composition of the rest

substance. Examples of the most popular group wavenumbers and their positions

in a spectrum are listed in Table 3.3.

Table 3.3: Examples of main functional groups and the corresponding wavenum-
bers [34, 18, 38].

Band Position, cm−1 Functional Group

3500 - 3200 O-H or N-H

3200 - 2800 C-H

2250 - 2000 C≡ N or C≡ C

1800 - 1600 C=O

<1000 C=C and benzene rings

3.1.2 Absorption Measurement

A loss of the light intensity by passing through a sample is connected with a

natural property of the matter called absorption coefficient α. The intensity I(ν)

of the incident light decreases by an amount of dI(ν) after passing through the

sample of the thickness dx. It is expressed by equation 3.15:

−dI(ν) = I(ν)α(ν)dx (3.15)

The expression α(ν)dx is called the optical depth at the wavenumber ν. If the

investigated sample is of thickness l, as depicted in Figure 3.6, than the total

intensity loss, caused by passing through the sample, is calculated according to:
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Figure 3.6: Absorption of the light on a sample of the thickness l.

−
∫ l

0

dI(ν)

I(ν)
=

∫ l

0

α(ν)dx (3.16)

The result of this integration is:

Il(ν) = I0(ν) exp[−α(ν)l] (3.17)

The above formula is known as the Lambert’s law of absorption and the quantity:

Il(ν)

I0(ν)
= T (3.18)

is called Transmittance. The unit of the Transmittance is %. The Lambert’s

law had already been discovered in year 1760. 100 years later, in 1852, Beer

had noticed, that the above formula depends on relative concentrations of the

components of the sample. He assumed that:

αl = α′cl (3.19)

ln Il(ν) − ln I0(ν) = −α′cl (3.20)

where c represents the concentration of a sample. By changing from the natural

to the decimal logarithm, the equation 3.20 becomes:

log Il(ν) − log I0(ν) = −εcl (3.21)
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And finally, the today’s well known Lambert-Beer’s law can be written as:

A = εcl (3.22)

The new parameters ε and α’ are wavenumber independent material constants,

with ε representing the molar absorptivity of the sample [34, 20, 21, 18, 19, 35].

Consequently, the Absorbance A of a sample can be expressed as:

A = − log T (3.23)

T
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Figure 3.7: Example of a transmittance spectrum of an oil.

A measurement of an infrared transmission (absorption) follows in two steps. At

first the total light intensity I0(ν) reaching the detector, without the sample intro-

duced into the pathlength, is measured. Next, the sample is placed between the

light source and the detector and the attenuated light intensity Il(ν) is measured.

Finally, the transmittance spectrum is calculated according to 3.18. An example

of an infrared transmittance spectrum is illustrated in Figure 3.7. The quality of

the obtained infrared spectra is influenced by the optical and electronic compo-

nents of spectrometers such as: light sources, optics and detectors. At this point,
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only the performance of light sources will be briefly described. Considerations of

infrared detectors are presented in the next section.

In order to describe the performance of infrared light sources some basic consid-

erations concerning light descriptions have to be made. The below mentioned

definitions concern the radiometric description of light sources. The adequate

photometric and photon definitions are listed in the literature [39].

A light source emits the radiant energy Qe. The unit of the radiant energy is Joule

J. With the radiant energy the radiant power, sometimes also called radiant flux,

Φe in Watts W, is connected. Thus, the spectral radiant power Φe(ν), is the

wavenumber dependant radiant power:

Φe(ν) =
dΦe

dν
,

W

cm−1
(3.24)

The radiant exitance or emittance Me is defined as the radiant power Φe emitted

through the surface dA:

Me =
dΦe

dA
,
W

m2
(3.25)

Similar to the spectral radiant power, the spectral radiant emittance Me(ν) is

obtained by a derivation of the radiant emittance Me on the wavenumber:

Me(ν) =
dMe

dν
,

W

m2cm−1
(3.26)

The radiant intensity Ie is the radiant power Φe emitted in the solid angle Ω:

Ie =
dΦe

dΩ
,
W

sr
(3.27)

The radiance Le of the light source is defined as the radiant emittance Me emitted

in the solid angle Ω. Thus, the radiant power Φe emitted through the surface dA

in the solid angle Ω:

Le =
dMe

dΩ
,

W

m2sr
(3.28)
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And finally, the spectral radiance Le(ν) is the wavenumber dependant radiance

Le [20, 40, 41, 42, 39]:

Le(ν) =
dLe

dν
,

W

m2cm−1sr
(3.29)

With the use of above definitions the emissivity of a black body can be described.

The spectral distribution of the radiant energy inside of the black body with re-

spect to the frequency ν and the temperature T is expressed by Planck’s radiation

law:

Weν(ν, T ) =
8πν2

c3

hν

e
hν

kT − 1
dν (3.30)

Or with dependence on wavelengths:

Weλ(λ, T ) =
8πhc

λ5

1

e
hc

λkT − 1
dλ (3.31)

The spectral radiant exitance from a non perturbing aperture in the black body

cavity, Meλ(λ, T ) is given by:

Meλ(λ, T ) =
c

4
Weλ(λ, T ) (3.32)

The corresponding spectral radiance Leλ(λ, T ) is:

Leλ(λ, T ) =
c

4π
Weλ(λ, T ) (3.33)

For the needs of spectroscopy, it is convenient to express the above equation

dependant on wavenumbers. Thus:

Leν(ν, T ) = 2hc2ν3 1

e
hcν

kT − 1
dν (3.34)

Integrating the spectral radiant exitance over all wavelengths gives:

∫

Meλ(λ, T )dλ = σT 4 (3.35)
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The above formula is known as the Stefan-Boltzmann law. The constant σ is

equal to 5.67 · 10−8 W/m2K4. The plots of spectral radiances of the black body

at different temperatures, are depicted in Figure 3.8 [20, 43, 42, 44, 39].
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Figure 3.8: Spectral radiant exitances of four black bodies of different temper-
atures: 2000◦C, 1500◦C, 1000◦C and 500◦C.

From Figure 3.8 it is evident that with increasing temperature the peaks of spec-

tral radiant exitance move towards higher wavenumbers. This phenomenon is

known as the Wien’s displacement law, which is mostly presented in the depen-

dance on wavelengths:

λmax =
B

T
(3.36)

The constant B is equal to 2898, if λ and T are expressed in micrometers and

Kelvins respectively.

Real light sources only resemble the performance of the ideal black body. The

rate of this similarity is described by a parameter called emissivity ε(λ, T ) [39]:
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ε(λ, T ) =
Meλ(λ, T )real

Meλ(λ, T )bb

(3.37)

Light sources used in infrared spectroscopy are mostly glowing ceramic lamps

working at temperatures exceeding 1000◦C. This provides sufficient radiant en-

ergy, higher than the background radiation, in the whole infrared spectral range.

Sizes of infrared light sources range from a few millimeters to a few tens of cen-

timeters. In cases of large, hot sources used in sophisticated spectrometers, a

special cooling of the source body is required. In sensor applications, small in-

frared light sources without cooling and temperatures not exceeding few hundreds

degrees Celsius are used.

It was already mentioned, that for transmission measurements a light source,

a sample and a detector are sufficient. Such a system determines the trans-

mission for monochromatic light sources. If used with broad-band light

sources, the system would not deliver any spectral resolution. The resolu-

tion of wavenumbers is obtained by applying of prisms, gratings or, as in this

work presented, Michelson-Interferometers, before the sample compartment. The

spectrometer with an implemented Michelson-Interferometer is called an FTIR

(Fourier Transform Infrared Spectrometer). A schematic of which is depicted in

Figure 3.9. In the next section the exact description of its optical bench is

presented [18, 45, 46, 47, 35].

3.2 Fourier Transform Infrared Spectroscopy

3.2.1 Michelson Interferometer

Infrared Spectroscopy is a measurement technique existing since the 1930’s. The

first commercially available infrared spectrometers were dispersive spectrometers,

in which the light coming from a broad band source is split into separate wave-

lengths through a grating or a prism. Spectral resolution of such spectrometers

is limited by the grating constant. Another disadvantage of dispersive spectrom-

eters is the duration of the measurement. The scanning of the whole spectral
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Figure 3.9: Schematic of the FTIR spectrometer, Bruker IFS-66.

range is obtained by changing the position of the detector or the prism. Thus,

the collection of the whole spectrum requires a relatively long time. A turning

point for infrared spectroscopy was the development of the Fourier Transform In-

frared Spectrometer (FTIR), in which the spectral resolution is obtained through

modulation of the light, occurring in the Michelson-Interferometer. In this way

the information about the whole spectrum is collected within one measurement.

However, a further Inverse Fourier Transform of the collected signal is necessary.

For years this calculation represented the most serious problem of the FTIR

measurement. The discovery of Fast Fourier Transform algorithm, by Cooley

and Tukey in 1964, has changed this situation. Presently, FTIR spectroscopy is a

well established method of chemical analysis. The world-wide known manufactur-

ers of FTIR spectrometers are: Perkin-Elmer, Thermo-Nicolet, Bomem, Bruker

etc.. The measurements presented in this thesis were made with two FTIR spec-

trometers, therefore the theory of FTIR spectroscopy is closer explained below

[20, 21, 35, 47].

The heart of a Fourier Transform Infrared Spectrometer is the Michelson-

Interferometer. The structure of the Michelson-Interferometer is illustrated in
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Figure 3.10. If a monochromatic light source of infinitely narrow, perfectly colli-

mated beam of the wavelength λ0 is considered, the electrical part of the emitted

electromagnetic wave is defined through:

~E = ~E0 exp
[

j(~k · ~x − ωt)
]

(3.38)

where k represents a wavevector defined as k = 2π/λ0. The Intensity I of this

electromagnetic wave is defined as the time average of the Poynting’s Vector S

[48] defined as:

S =
1

µ0

| ~E × ~B| (3.39)

The light intensity I is therefore equal to:

I = 〈S〉 =
cε0

2
E2

0 (3.40)

Light Source

Fixed Mirror

Movable Mirror

Detector

Beam-Splitter

Dx

I0

I2

I1

I /22I /21

I /21

I /22

Figure 3.10: Structure of the Michelson-Interferometer with the beam-splitter
of 50 % efficiency.
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In Figure 3.10, the emitted light of intensity I0(λ0) is directed to the beam-splitter.

In the beam-splitter the light undergoes splitting into two perpendicular beams

I1(λ0) and I2(λ0). Each of the resultant beams has the same light intensity, being

the half of the initial source intensity:

I1(λ0) = I2(λ0) =
1

2
I0(λ0) (3.41)

One of the beams travels to the fixed mirror, where it is reflected and directed back

to the beam-splitter. The same happens with the second beam and the movable

mirror. The shift of the movable mirror ∆x, introduces phase differences equal to

(2k∆x), between the beams I1(λ0) and I2(λ0). The reflected beams meet again at

the beam-splitter, where they undergo the second splitting. Thus, the resultant

light intensity measured at the detector originates from the interference of the

doubly splitted incident beam. This is described by:

~Etotal = ~E01 exp
[

j(~k · ~x − ωt)
]

+ ~E02 exp
[

j(~k · (~x + 2∆~x) − ωt)
]

(3.42)

where indices 01 and 02 describe first and second interfering electromagnetic wave

of which I01 = I02 = I1/2 = I0/4. The optical path difference (OPD) equal to

2∆x, between the beams I1(λ0) and I2(λ0), is called the retardation and usually

denoted by the symbol δ. Conditions for constructive interference at the detector

are fulfilled if δ = nλ, for n = 0,1,2,.... On the contrary, if δ = (n + 1

2
λ) the

interference is completely destructive. The intensity measured at the detector

depends therefore from the phase shift introduced through the movable mirror

[17].

As mentioned in subsection 3.1.1, the spectroscopic units are wavenumbers ν.

Therefore, the light intensity measured at the detector ID calculated from 3.42 is

expressed by:

ID(δ) =
1

2
I0(λ0){1 + cos(2π

δ

λ0

)}

=
1

2
I0(ν0){1 + cos(2πδν0)} (3.43)
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It is now evident that the signal at the detector consists of a DC component equal

to the half of the initial intensity I0(ν0) and an AC component equal to:

I(δ) =
1

2
I0(ν0) cos(2πδν0) (3.44)

It is this AC component, which is usually called the interferogram I(δ). In prac-

tice the measured signal is influenced by a variety of parameters introducing

deviations from this ideally cosinusoidal pattern. Sources of these deviations are:

a) non-ideal transmission efficiency of the beam splitter, b) non-uniform spectral

response of infrared detectors, c) wavenumber dependant response of electronic

circuits and filters. These influences are constant within a measurement and can

be therefore described by an additional function H(ν0). Using the notation:

B(ν0) =
1

2
H(ν0)I0(ν0) (3.45)

the interferogram of a monochromatic light can be written as:

I(δ) = B(ν0) cos(2πδν0) (3.46)

So far, a monochromatic light source has been considered. In case of polychro-

matic light sources, such as used in infrared spectrometers, the interferogram

contains decoded information about all wavenumbers. It is expressed by the

integration of the monochromatic interferogram over all wavenumbers:

I(δ) =

∫ +∞

−∞

B(ν) cos(2πδν)dν (3.47)

The quantity B(ν) is the spectrum of the light source. The interferogram, accord-

ing to the above formula, is from a mathematical point of view a Cosine Fourier

Transform of B(ν). Thus, a signal at the detector is a function of the retardation

instead of the wavenumber. In order to get the spectral representation of results,

the Inverse Fourier Transform of the interferogram has to be calculated.
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B(ν)
F

◦ − • I(δ) (3.48)

I(δ)
F−1

• − ◦ B(ν) (3.49)

The Inverse Fourier Transform of 3.47 is:

B(ν) =

∫ +∞

−∞

I(δ) cos(2πδν)dδ (3.50)

The performance of Michelson Interferometer is precisely explained in [17, 18, 49,

50, 51, 52, 44, 53, 46, 54]. In Figure 3.11 an example of a real interferogram I(δ)

and the corresponding spectrum B(ν) of a polychromatic light source, measured

with an FTIR spectrometer is shown.
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?

6

F

Figure 3.11: Above a real interferogram measured with 32 scans at 4 cm−1

resolution. Beneath the spectrum being a Fourier Transform of the upper Inter-
ferogram. The shape of the spectrum originates from the black body. Particular
absorption lines of air constituents (H2O, CO2) are visible.
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3.2.2 Spectral Resolution

The integration limits in equation 3.50 indicate an infinite shift of the movable

mirror of the Michelson Interferometer. It results in the infinite spectral resolution

of the spectrum B(ν). In practice the retardation δ is limited. This limitation

influences the obtainable spectral resolution. In the first approximation, the

resolution of the FTIR spectrometer can be expressed as:

∆ν =
1

∆max

(3.51)

The ∆max is a maximum retardation obtainable during the measurement. A

detailed description of the resolution requires, however, consideration of an In-

strument Line Shape Function (ILS). The ILS describes the broadening of a

monochromatic spectral line recorded with a spectrometer, caused by two factors:

the limited retardation and the extended size of the light source. A consideration

of the finite retardation can be expressed through D1(ν) function, being a Fourier

Transform of a boxcar function d1(δ):

d1(δ) =







1 : −∆max ≤ δ ≤ +∆max

0 : δ > |∆max|
(3.52)

The Fourier Transform D1(ν) of the d1(δ) is a sine-function:

D1(ν) = 2∆max

sin(2πν∆max)

2πν∆max

(3.53)

The second part of the ILS function originates from an extended size of a light

source and can be, under condition of an uniform illumination, relatively well

approximated by:

D2(ν) =







1

∆νi

: ∆νi ≤ ν ≤ 0

0 : beyond this range
(3.54)

It is a boxcar function of the width of ∆ν i and the hight of 1/∆νi. The parameter

∆νi is defined by the diameter dF of the light source or the collimating aperture.

If the focus length of the aperture is f, then:
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Figure 3.12: Upper figure shows simulated partial functions creating an ILS.
The D1(ν) function (· · · ) was calculated for ∆max = 2.5 mm and the diameter
of the aperture 12 mm. Lower figure presents the D2(ν) function calculated for
different diameters of the aperture: (− · −) 12 mm, (· · · ) 6 mm and (—) 2 mm.
A significant narrowing of the D2(ν) function with the decreasing diameter of
the apertures is evident. The narrowing improves the spectral resolution of the
measurement. All calculations conducted for f = 150 mm and ν i = 2500 cm−1.

∆νi =

(

dF

2f

)2
νi

2
(3.55)

The final ILS function is a convolution of the D1(ν) and D2(ν).

D(ν) = D1(ν) ∗ D2(ν) (3.56)

Plots of simulated partial functions D1(ν) and D2(ν) are depicted in Figure 3.12.

With the use of the ILS function the real spectrum G(ν) can be written in a form

of:
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G(ν) =

∫ +∞

−∞

I(δ)d(δ) cos(2πδν)dδ (3.57)

where d = d1 · d2 according to Fourier Theorem. The Fourier Transform of a

product of two functions is a convolution of Fourier Transforms of these functions.

Therefore, the real spectrum G(ν) is calculated as the convolution of the ideal

spectrum B(ν) and the ILS function:

G(ν) = B(ν) ∗ D(ν)

=

∫ +∞

−∞

B(ν ′)D(ν − ν ′)dν ′ (3.58)

The obtained spectrum behaves still as a sine-function. It intersects the x axis at

νi− (1/2∆max) and νi +(1/2∆max). Thus, it is evident that two lines lying at the

distance of 1/∆max will be completely separated. It has to be emphasized that two

monochromatic lines lying closer each other than 1/∆max will also be identified.

Therefore, the real spectral resolution of FTIR spectrometers is always better

than this according to the definition 3.51. Two lines are hold for resolved, if the

decrease of the intensity between the two maxima exceeds 20 % of the maximum

peak intensity. This condition is fulfilled for sine-functions for a distance of

0.73/∆max [17, 55]. It should be also underlined that according to equation

3.55 high spectral resolution of FTIR measurements demands small collimating

apertures.

3.2.3 Apodisation

The pure ILS function poses quite strong side lobes, as depicted in Figure 3.13,

influencing the shape, the position and the amplitude of measured spectral lines

and therewith limiting the spectral resolution. This phenomenon is explained on

example curves plotted in Figure 3.14.

In order to improve the spectral resolution a so called apodisation is conducted.

In this process the infinite interferogram in equation 3.50 is limited by some

other functions instead of, as so far considered, a boxcar function d1(δ). The
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c
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Wavenumber, cm
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Figure 3.13: Two covering spectral lines lying at the limit of the spectral reso-
lution. The curves were simulated with f = 150 mm and ∆max = 4 cm−1.

Wavenumber, cm
-1

c
m

-1

Figure 3.14: Two covering spectral lines (− · −), and the resultant spec-
trum (—). The differences in amplitudes and peak positions caused by side
lobes of ILS functions are visible. Simulations conducted for f = 150 mm and
∆max = 4 cm−1.
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Table 3.4: Most Popular Apodisation Functions [17, 55].

Apodisation Function ILS

Name Formula FWHH Resolution Peak Height

Boxcar 1 0.605/∆max 0.68/∆max 2.0

Triangular 1 −
∣

∣

∣

δ
∆max

∣

∣

∣
0.88/∆max 0.88/∆max 1.0

Norton-Beer
∑

Ci

[

1 −
(

δ
∆max

)2
]i

- weak C0 = 0.348093 C1 = −0.0876 C2 = 0.7035 C3 = 0

- medium C0 = 0.152442 C1 = −0.1362 C2 = 0.9837 C3 = 0

- strong C0 = 0.045335 C1 = 0 C2 = 0.5549 C3 = 0.4

Happ-Genzel 0.54 + 0.46 cos
(

πδ
∆max

)

0.91/∆max 0.89/∆max 1.08

apodisation reduces the amplitudes of the side lobes, but causes the broadening

of spectral lines. It has to be emphasized that, since apodisation influences the

spectral line, in case of measurements of a high resolution, weak absorption bands

or a high quantitative accuracy, a proper choice of the apodisation function is

crucial for obtaining of accurate results. Most often recommended functions are

Norton-Beer medium and strong apodisation functions. Some examples of the

most popular apodisation functions are collected in Table 3.4.

The spectral resolution is also influenced by the divergence of beams passing

through the Michelson-Interferometer. The divergent beam produces a ring pat-

tern with alternating minima and maxima at the detector plane. This pattern

originates from the phase differences introduced by the path differences between

the central and edge beams, as illustrated in Figure 3.15. At the zero retardation

point, in the middle of the detector plane, a maximum occurs. If the retardation

is increased the rings wonder from each other. If one defines x as the path dif-

ference between the central and the external ray, then at the point of x = λ/2

the beams are out of phase. At this point the fringe contrast at the detector dis-

appears. Therefore, the retardation at which x reaches the value x = λ/2 gives

the maximum obtainable spectral resolution of an FTIR spectrometer. Thus, the
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maximum half-angle, which can be passed through the interferometer by collect-

ing of a spectrum of the resolution ∆ν and the maximum wavenumber νmax is

[17, 55]:

αmax =

√

(

∆ν

νmax

)

(3.59)

The maximum tolerated solid angle is:

Ωmax = 2π
∆ν

νmax

(3.60)
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Figure 3.15: Divergent beam passing through the Michelson-Interferometer [17].

3.2.4 Phase Correction

Additional factors, which have to be considered in FTIR measurements are influ-

ences of the optics, the electronics or sampling effects on the interferogram. These

introduce an additional phase shift of θν to the interferogram and therewith an

additional noise to the spectrum:

I(δ) =

∫ +∞

−∞

B(ν) cos(2πδν − θν)dν (3.61)
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By the extension of the cosine term in equation 3.61 the interferogram can be

written in a complex form:

I(δ) =

∫ +∞

−∞

B(ν) exp [−j (2πδν − θν)] dν (3.62)

The real part of this expression is the interferogram. The additional phase reveals

in the imaginary part. The process of removal of the imaginary part is called

phase correction. The most popular method of phase correction was developed

by Mertz. In this method the low resolution Cosine (C) and Sine (S) Fourier

Transforms of the interferogram are first calculated. Next, the phase angle θν at

each wavelength of the measured spectrum is calculated according to:

θν = arctan

(

Im(C(ν))

Re(S(ν))

)

(3.63)

With the use of the found θν , the corrected spectrum is calculated from Cosine

or Sine Fourier Transform, for example [55]:

B(ν) =
C(ν)

sin θν

(3.64)

More exact considerations of phase correction methods are contained in [17, 56,

57, 55].

3.2.5 Sampling and Signal to Noise Ratio

The collected interferogram is sampled with a frequency fulfilling the Nyquist’s

Criterion, which in case of the interferogram means:

1

∆x
≤ 2νmax (3.65)

where νmax represents the maximum measured wavenumber for the spectral range

(0−νmax) and ∆x is the sampling interval. If this criterion is not fulfilled, artificial

spectral features appear in the spectrum. This phenomenon is known as aliasing

or folding, which means that frequencies occurring at (νmax + ν1) appear in the
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spectrum at (νmax − ν1). Therefore, additional optical and electronic filters are

applied, in order to limit the frequency bandwidth to the wanted (νmax − νmin).

For limited spectral range (νmax − νmin), ∆x is defined by the minimum and the

maximum measured wavenumber according to:

∆x =
1

2(νmax − νmin)
(3.66)

The number of collected data points remains in this case unchanged, but the

number of data points to be computed NS, is thus reduced to:

NS =
∆max

∆x
=

2(νmax − νmin)

∆ν
(3.67)

with ∆ν being the spectral resolution. Due to the possible deviations from the

constant mirror velocity, the sampling is conducted at equal retardation intervals

∆x instead of equal time intervals ∆t. Equal retardation intervals are obtained

from an additional interferogram collected by the use of a He-Ne laser coupled to

the Michelson-Interferometer. Sampling takes place for example at zeros of the

He-Ne interferogram.

The Dynamic range of an FTIR spectrometer is defined as a ratio of the signal

collected at the zero retardation (maximum of the interferogram) to the r.m.s.

(root-mean-square) noise level. Typical values are in order of 104. Thus, for

appropriate signal analysis at least 16 bit ADCs are required.

The Signal to Noise Ratio (SNR) is a parameter describing the quality of the

measured spectra. It is defined as the ratio of the gained signal power to the

noise power. The measured light power is expressed by Planck’s equation 3.32.

It is limited by the throughput ΘD of the system. The throughput is a product

of the area of the beam with its solid angle at any focus. In case of low resolved

measurements the throughput ΘD is limited by the acceptance angle ΩD of the

used detector and its area AD.

ΘD = ADΩD (3.68)
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Therefore, the power P received at the detector, calculated in a unit wavenumber

interval with efficiency ξ, can be expressed by:

P = Me(ν, T )ΘDξ∆ν (3.69)

The Noise Equivalent Power (NEP) is a parameter describing the internal prop-

erty of the applied detector. It is defined as a ratio of the r.m.s. detector noise

voltage Vn to the voltage responsivity Rv:

NEP =
Vn

Rv

,W (3.70)

where Rv is the detector responsivity defined as a ratio of the obtained voltage

signal Vs to the incident radiant power Φe(λ):

Rv(λ, f) =
Vs

Φe(λ)
,

V

W
(3.71)

The detectivity of the detector is described by the reciprocal of the NEP.

D =
1

NEP
,

1

W
(3.72)

Jones introduced a new parameter called normalized detectivity D∗. It is the

detectivity in reference to the area of the detector AD and the unit frequency

band ∆f :

D∗ =

√
AD∆f

NEP
,
cm

√
Hz

W
(3.73)

The noise power observed in the time interval t is given by:

N =
NEP√

t
,
W√

s
(3.74)

And finally, the SNR can be calculated according to:

SNR =
P

N
=

Me(ν, T )ΘDξ∆ν
√

t

NEP
(3.75)
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In general, SNR of an FTIR measurement is proportional to the measurement

time (number of collected scans) N, according to:

SNR ∼
√

t ⇒
√

N (3.76)

It is now evident that in order to obtain two times better SNR values, four

time longer measurement times are required [17, 40, 45, 58]. A more detailed

descriptions of errors occurring in FTIR measurements and the methods of their

removal are to find in [59, 60, 61].

3.2.6 Advantages of FTIR Spectroscopy

FTIR spectrometers are characterized by three principal advantages over stan-

dard grating spectrometers. These are: Jacquinot, Fellgett and Connes advan-

tage.

Jacquinot Advantage

Jacquinot advantage means a higher optical throughput of FTIR spectrometers

than the grating spectrometers measured at the same resolution ∆ν. The differ-

ence arises from the fact that the optical throughput ΘMI of an FTIR spectrom-

eter is limited by the entrance aperture of the Michelson-Interferometer.

ΘMI = 2πAMI

∆ν

νmax

(3.77)

where AMI are the areas of the interferometer mirrors being illuminated. The

corresponding expression for the optical throughput of a grating spectrometer ΘG

is:

ΘG =
hAG∆ν

faν2
(3.78)

where AG is the area of the illuminated grating, f represents the focal length

of the collimating mirror, h and a are the slit height and the grating constant

respectively. Usually, the Jacquinot advantage of FTIR spectrometers is of two or
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more orders of magnitude with respect to grating spectrometers. But in case of

low resolved FTIR measurements, optical throughput is limited by the detector

optics and the Jacquinot advantage is significantly smaller. Additionally, at low

wavenumbers, gratings in grating spectrometers are changed and the Jacquinot

advantage decreases.

Fellgett Advantage

The Fegllett advantage is also called the multiplex advantage. It says that

FTIR measurements of the same SNR values, spectral resolutions, equal optical

throughput etc., take M times less time than the corresponding measurements

taken on a grating spectrometer.

M =
νmax − νmin

∆ν
(3.79)

where M is the number of resolution elements, ∆ν is the spectral resolution, νmax

and νmin are the maximum and minimum wavenumber of the measured spectrum

respectively. Thus, FTIR spectra collected with equal data acquisition times as

the spectra collected with grating spectrometers, exhibit
√

M better SNR values.

Connes Advantage

The last advantage of FTIR spectrometers is called Connes advantage, which

describes the improved spectral accuracy of FTIR spectrometers in comparison

to dispersive spectrometers. It is connected with the sampling mechanism of the

interferogram, which was already described in subsection 3.2.5. The accuracy

of the sampling is provided by the second He-Ne interferogram instead of the

measurement of the mirror velocity or the position of the grating [17, 20, 21, 18,

55].

3.2.7 Infrared Detectors

Infrared detectors are classified with regard to their light detection mechanism.

There exist two basic classes of infrared detectors: thermal and photon detectors.

To the class of thermal detectors belong: thermo-elements, bolometers and pyro-
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electric detectors. The class of photon detectors consists of photoresistors, photo-

voltaic and photoemissive detectors. In the following subsection the performance

of infrared detectors on examples of pyroelectric and MCT-photoconductive de-

tectors, which were used in measurements presented in this thesis, is explained.

In thermal detectors the absorbed radiation induces a change of some material

property such as: thermoelectric force, resistance or capacity, due to the rise of

the temperature of the sensitive element. The kind of the influenced parameter

defines the subtype of the thermal detector. In case of pyroelectric detectors

it is the internal electrical polarization and in bolometers the resistance. The

amount of this change is proportional to the power, not to the wavelength, of the

incident radiation. Therefore, thermal detectors do not exhibit any spectral sensi-

tivity. The detectivity of thermal detectors is low and the response times are long

(10−3-10−1) s, but these disadvantages are compensated with the relatively low

price and the simplicity of handling of pyroelectric detectors.

The detection process in photon detectors is connected with the absorption of the

radiation by lattice-, doping- and conduction- electrons of semiconducting mate-

rials. This process is dependant on the energy of the incident radiation. Thus,

photon detectors are spectrally sensitive. A comparison of spectral responses

of thermal and photon detectors is shown in Figure 3.16. Photon detectors are

characterized by higher detectivities and shorter response times in comparison to

the thermal detectors. Therefore, they find a place in high sensitive applications.

Photon detectors demand, however, to be cooled to temperatures much lower

than the ambient temperature. Cooling with liquid nitrogen, to 77 K, is usu-

ally sufficient, but in extreme applications liquid helium is used. The handling

of liquid gases is cumbersome and influences the price of photon detectors. A

promising possibility is thermoelectric cooling not delivering such low tempera-

tures, but together with improved properties of the detector material, providing

comparable detectivities to standard photon detectors [62, 40, 63, 64, 65].

Pyroelectric Detectors

Pyroelectric detectors belong to the class of thermal detectors. A thermal detector

is characterized by the thermal capacitance Cth of the material and the thermal
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Figure 3.16: Comparison of spectral sensitivities of thermal and photon detec-
tors. Thermal detectors exhibit a constant sensitivity over the whole spectral
range. Photon detectors exhibit maximum sensitivity at the peak wavelength λp

and have a cut-off wavelength λc [40].

conductance Gth depending on the connection of the detector to the surrounding.

The temperature T of the detector element in the thermal equilibrium state

(without the illumination) increases by a factor ∆T after the illumination:

Cth

d∆T

dt
+ Gth∆T = εΦ0 (3.80)

The parameter ε describes the emissivity of the detector and Φ0 is the incident

radiant flux as defined in equation 3.24. The solution of the above equation

delivers the expression for the increase of the temperature ∆T :

∆T =
εΦ0

√

(G2
th + ω2C2

th)
(3.81)

where Φ0 represents the amplitude of the incident radiant flux and ω the angular

frequency of this radiation. It is now obvious that, in order to obtain significant

temperature changes ∆T , small Cth and Gth are necessary. Small Cth values

correspond to a small size of the sensitive element. Low thermal conductance Gth

is obtained by sufficient isolation of the detector body from the surrounding. In

practice the detector body is sealed in a vacuum capsule. With the use of these
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two parameters a so called thermal time constant τth of the thermal detector is

defined:

τth =
Cth

Gth

= CthRth (3.82)

where Rth is thermal resistance of the detector element. Thus, the equation 3.81

takes the form:

∆T =
εΦ0Rth

√

(1 + ω2τ 2
th)

(3.83)

Values of thermal constants of thermal detectors are high, typically in order of

a few milliseconds. It is also important to emphasize that the quick thermal

response of thermal detectors is related to the lower detector responsivity and

vice versa.

Next important parameter used in descriptions of thermal detectors is the co-

efficient K. It is defined as the ratio of the gained voltage signal ∆V to the

temperature change ∆T :

K =
∆V

∆T
(3.84)

With the use of the parameter K, the output signal of the detector ∆V generated

by the change in the temperature ∆T can be expressed:

∆V = K∆T =
KεΦ0Rth

√

(1 + ω2τ 2
th)

(3.85)

Thus, the voltage responsivity Rv of any thermal detector according to 3.71 can

be expressed by:

Rv =
KεRth

√

(1 + ω2τ 2
th)

(3.86)

Further considerations concern exclusively pyroelectric detectors [40]. The change

of the dipole moment of a material due to a change of its temperature is called
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the pyroelectric effect. Typical pyroelectric materials are insulating crystals. Py-

roelectric detectors are sensitive to the speed of the temperature change instead

of the absolute value of this change. Therefore, signals measured with pyroelec-

tric detectors have to be modulated. In Figure 3.17 a schematic of a pyroelectric

detector and its equivalent electrical circuit are depicted.

V

p

radiation

transparent
electrode

pyroelectric
material

a)

detector material preamplifier

Iph C G
-1

Ca RL

VS

V0

b)

Figure 3.17: Principle of the operation of a pyroelectric detector a), and the
corresponding electronic circuit b) [40].

Generally, a pyroelectric detector is a capacitor with electrodes placed perpen-

dicular to the vector of electric polarization. The pyroelectric substance is in

its natural state unpolarized. Before introducing the detector into the operat-

ing state an electric field is applied in order to arrange polarized domains. In
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its operating state the pyroelectric substance changes its capacitance, which is

registered as a change in a current. The amount of this change is determined by

the temperature change and the pyroelectric coefficient p of the detector mate-

rial. The pyroelectric coefficient describes the speed of the change of the electric

polarization evoked by the changes of the temperature.

p =
dP

dT
=

(

dD

dT

)

E=0

(3.87)

In above equation P indicates the internal polarization of the material, which for

most of pyroelectric materials, is equal to the electric induction D. As already

mentioned, most pyroelectric materials demand an electric field arranging polar-

ized domains, in order to create the electric induction. Thus, the coefficient p is

often defined as:

p(E) =

(

dD

dT

)

E

(3.88)

In the configuration presented in Figure 3.17 b, the signal V generated by the

photocurrent Iph is equal to:

V =
Iph

√

(G2 + ω2C2)
(3.89)

with G and C being the electric conductance and electric capacitance of the

detector material, respectively, as shown in Figure 3.17 b. Thus, the voltage

responsivity Rv of a pyroelectric detector is expressed by:

Rv =
RεpAω

Gth

√

(1 + ω2τ 2
th)

√

(1 + ω2τ 2
e )

(3.90)

where R represents the resistance and A is the surface of the detector body.

τe is an electrical time constant characterizing the pyroelectric detector, defined

through:

τe =
C

G
(3.91)
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The maximum responsivity of the pyroelectric detector is observable for frequen-

cies fulfilling the condition:

fmax =
1√
τthτe

(3.92)

And is expressed by:

Rvmax =
εpAR

Gth(τth + τe)
(3.93)

Typical values of τth are on the order of (0.01-10) s and τe of (10−12-100) s,

dependently on the size of the detector, the capacity and the load resistance. In

Figure 3.18 an overview of detectivities of some pyroelectric detectors is presented.

A more detailed considerations concerning performance of pyroelectric detectors

are contained in [66, 67, 68, 69, 70].
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Figure 3.18: Overview of detectivities of pyroelectric detectors [40].

Photon Detectors

Photon detectors function due to the interaction of radiation with the electrons

of the semiconducting material. The efficiency of this interaction is called the

quantum efficiency η, defined as the number of electron-hole pairs generated by
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Table 3.5: Physical properties of sample semiconductors [40].

Temp. Dielectric Carrier Electron Hole Energy
Material T, K Constant Life Time Mobility Mobility Bandgap

ε τ , s µe, cm
2/V s µh, cm2/V s Eg, eV

Si 300 11.8 10−4 1.35 · 103 480 1.11

Ge 300 16.0 10−2 3.90 · 103 1900 0.67

GaN 300 9.00 - 9.00 · 102 150 3.39

GaAs 300 13.2 ≥ 10−6 8.50 · 103 400 1.43

In0,53Ga0,47As 300 14.6 10−4 1.38 · 104 200 0.75

PbS 300 161 2 · 10−5 5.75 · 102 200 0.37

InSb 77 17.9 10−7 1.00 · 106 104 0.23

Hg0,79Cd0,21Te 77 18.0 10−6 2.00 · 105 440 0.10

Hg0,72Cd0,28Te 77 16.7 10−6 8.00 · 104 440 0.25

one absorbed photon. The quantum efficiency takes into account front reflections

from the surface of the detector, the absorption, the dissipation as well as the

recombination of the charge carriers in the material. Typical natural reflectivities

of detecting materials are about 30 %. By the use of special antireflection coatings

this rate can be minimized below 1 % and therewith the quantum efficiency η

increased.

Semiconductors as all other materials are characterized by the absorption coeffi-

cient α and the penetration depth 1/α. Thus, the radiant power Φa absorbed in

a material is expressed by:

Φa(x) = Φi(1 − r)(1 − e−αx) (3.94)

where Φi represents the incident radiant power and r is the reflection coefficient

of the material. In such case the quantum efficiency is equal to:

η(x) = (1 − r)(1 − e−αx) (3.95)
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Figure 3.19: Construction of a photon detector. The optical concenter collects
the radiation from a bigger area than the area of the semiconductor material itself
[40].

Table 3.5 contains values of the main parameters important for materials chosen

for the construction of photon detectors. The construction of photon detectors

is shown in Figure 3.19. The detecting semiconductor is covered by an optical

concenter, collecting the radiation from a much bigger area than the area of the

detecting material itself. It increases additionally the efficiency of the detector.

One electron-hole pair generated by the absorbed radiation, induces the formation

of next charge carriers. The final number of electron-hole pairs generated by one

absorbed photon in the semiconducting material, is called photon gain g. Under

the condition of a constant g and η, the current sensitivity of a photon detector

can be derived [40]:

Ri =
λη

hc
qg (3.96)

where λ is the wavelength of the absorbed radiation, q is the elementary charge,

h is the Planck’s constant and c represents the speed of light. Therewith, the

voltage responsivity is equal to:

Rv =
ηλτVb

lwthcn0

(3.97)
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In above equation τ is the life-time of photoinduced majority charge carriers, Vb

is voltage polarizing the detector, n0 indicates the equilibrium concentration of

charge carriers, l, w and t are the length, the width and the thickness of the

detector material respectively. Thus, the detectivity of a photon detector is given

by:

D∗ =
λ

hc

√

A0

Ae

η
√

2(G + R)t
(3.98)

In above expression A0 and Ae are the optical area and the electrical area of the

sensor respectively, t is the thickness of the semiconductor, G and R represent the

generation and the recombination rates of charge carriers. From equation 3.98 it

is evident that the best results are obtained for thin detector materials. It is also

clear that the detectivity of the photon detector is proportional to 1/
√

G. The

generation rate G consists of two terms: thermal and optical corresponding to

the background and the incident radiation respectively:

G = Gth + Gop (3.99)

Thus, in order to obtain higher detectivities, possibly low values of G must be

reached. Since, the generation rate G is proportional to the Boltzmann’s distri-

bution ∼ exp[−Eg/kT ], where T is the temperature of the detector body and

Eg is the energy band-gap of the detector material, the detector must be kept at

low temperatures. Long cut-off wavelength detectors have to be cooled to lower

temperatures than the short cut-off photon detectors [40].

For measurements presented in this thesis, a so called MCT, a mixture of mer-

cury, cadmium and telluride, detector has been used. It belongs to the class of

photoresistors i.e. photoconductive detectors. In photoresistors the incident radi-

ation changes the electric conductance of the semiconductor. These changes are

registered by electrical contacts coupled to the detecting material, as depicted

in Figure 3.20. In photoconductive detectors a change in the conductance is

connected with three kinds of excitations in semiconducting material. The first

excitation mechanism occurs if the energy of the incident radiation E is higher
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than the energy band-gap Eg of the semiconducting material. In this case an free

electron-hole pair is created. A long wavelength detectivity limit of such detectors

is defined by:

λc =
hc

Eg

(3.100)

The second excitation mechanism is connected with the doping of the detector

material. The required excitation energy is adequately lower and the long wave-

length cut-off is defined by the ionization energy Ei instead of Eg and lies at

about 20 µm. This kind of the excitation process is the most popular for in-

frared detectors operating in mid-IR spectral range. The used MCT detector is

a representative of this kind of photoconductive detectors. The third kind of the

excitation, which is the excitation of free charge carriers is relatively seldom and

can be observed only at low operating temperatures, T = 4K. More information

about photoconductive detectors generally, MCT detectors and semiconducting

materials for detectors is contained in [71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82].

R
L

l

t

w

incident radiation

Figure 3.20: Construction of a photoconductive detector operating in a constant
current mode [40].

In Figure 3.21 typical characteristics of an MCT detector are illustrated.
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Figure 3.21: Characteristics of a photoconductive MCT detector measured at
12 µm [40].

3.3 Quantitative Analysis

3.3.1 Classical Chemometric Methods

Prior to the quantitative analysis of a sample, a calibration of the spectrometer

has to be performed. Calibration refers to the collection and evaluation of a set of

samples of a known composition and the creation of a statistical model allowing

the prediction of the composition of an unknown sample.

In the subsection 3.1.2 the Beer-Lambert’s law, in the form of equation 3.22, was

derived. The validity of such a form of the Beer-Lambert’s law is limited to a

specific absorbing component at a specific wavelength of the spectrum. For the

mixture of N components at single wavenumber, the Beer-Lambert’s law must be



3.3.1 Classical Chemometric Methods 61

expressed by:

A(ν) =
N

∑

i=1

εi(ν)cil (3.101)

The quantitative analysis is usually conducted at several wavenumbers simulta-

neously. In such a so called multicomponent analysis, the measured absorbances

are collected in a matrix. The organization of the matrix depends on the statis-

tical method of the calibration, which is later used. A more exact description of

some basic statistical methods is presented below.

In MLR (Multiple Linear Regression) and PCR (Partial Component Regression)

methods, each spectrum or its part build one column of the absorbance matrix,

A. The absorbances of each component at one wavenumber build one row of the

absorbance matrix.

A =

















A11 A12 A13 ... A1S

A21 A22 A23 ... A2S

A31 A32 A33 ... A3S

A41 A42 A43 ... A4S

... ... ... ... ...
AW1 AW2 AW3 ... AWS

















(3.102)

AWS is the absorbance at W th wavenumber of the sample S. Similarly to the

absorbance matrix, the concentration matrix C is created. The columns of the

matrix C are built from concentrations of each component of the sample.

C =

















C11 C12 C13 ... C1S

C21 C22 C23 ... C2S

C31 C32 C33 ... C3S

C41 C42 C43 ... C4S

... ... ... ... ...
CC1 CC2 CC3 ... CCS

















(3.103)

CCS is the concentration of the C th component of the sample S. Such an organi-

zation of the data is called column-wise organization.

The data for PLS (Partial Least Squares) are organized row-wise. This type of

organization is obtained by calculation of the transpose of the matrices A and C.
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The data sets of known concentrations used to perform the calibration are called

training sets. A proper training set should:

• contain all expected components - components are understood as any
sources of variation of the spectra; the constituents of the sample, the in-
strument drift, the temperature or the pressure.

• span concentration ranges of interest

• contain mutually independent samples

In order to check the quality of the conducted calibration, a so called validation
set is required [83, 84, 51, 85, 86, 87, 88].

Classical Least-Squares

The CLS method is called the K-matrix calibration due to the form of the Beer-

Lambert’s law:

A = KC (3.104)

In order to compute the calibration, the unknown matrix K has to be found.

According to matrix algebra, first, the multiplication by CT has to be conducted:

ACT = KCCT (3.105)

The elimination of CCT follows through the multiplication with its inverse:

ACT [CCT ]−1 = K[CCT ][CCT ]−1 (3.106)

Therefore, the K-matrix:

K = ACT [CCT ]−1 (3.107)

In order to predict the concentration of the unknown sample, the calculated

K-matrix is used. The starting point of this calculation is the same as by the

calibration:
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Aunk = KCunk (3.108)

It should be reiterated, that the matrix A, contains the measured spectra. There-

fore, the unknown variable is the matrix C. Following the same rules as by the

K-matrix calculation the C-matrix is found:

C = [KT K]−1KT Aunk (3.109)

In order to be able to compute the inverse of KT K, the K-matrix must consist

of at least as many rows as columns. Since, it has one row for each wavelength

and one column for each component, as many wavelengths as components in the

sample are necessary. An additional disadvantage of this calibration method is

its sensitivity to the accuracy of the determination of the concentration of each

component [83, 84, 88].

Inverse Least-Squares

The Inverse Least-Squares (ILS) calibration is called the P-matrix calibration. It

is performed from the inverse of the Beer-Lambert’s law:

C = PA (3.110)

The computing of the P-matrix and the concentration prediction, follows the

same way as the K-matrix calculation. The ILS calibration does not require

the knowledge of concentrations of all components present in the sample. Thus,

the number of necessary calculations is significantly reduced. The ILS calibration

delivers also somewhat better results than the CLS calibration. More information

about these calibration methods can be found in [83, 84, 89, 90, 88].

3.3.2 Factor Spaces

In order to reduce further the amount of spectral data required for the calibration,

a so called factor analysis instead of classical calibration methods can be applied.
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A factor space is a special coordinate system, in which the data are mapped.

If two component samples measured at three wavenumbers are considered, the

results can be represented as in Figure 3.22.

The axes of the spanned plane contain pure component spectra. In the plane all

mixed spectra are placed. One spectrum measured at arbitrarily many wavenum-

bers is represented by only one point. The problem of finding a new coordinate

system for such data, is limited to the searching for eigenvectors of this data set.

The found eigenvectors are called factors or principal components Vc. Before the

factors Vc are found, some pretreatment of the A matrix is necessary, i.e. the A

matrix must be squared:

D = AT A (3.111)

The first eigenvector must lie in the plane of the data. It is calculated so that

the distances between the new axis and the data points are minimized. The next

eigenvectors have to be orthogonal and mutually orthonormal to each other. This

implies that the second vector also lies in the plane of the data. The found axes

span the basis space of the data set. The example of the found eigenvectors for

data set is also shown in Figure 3.22.

Principal Component Regression

The eigenvectors contain all the collected spectral data: both the desired infor-

mation and the noise. Removing the noise is unequivocal with rejecting of some

eigenvectors before the calibration process. The number n of significant factors is

determined by validation functions such as: Malinowski imbedded error function,

Malinowski IND function or Brown FRAC function. The spectral data collected

in the A matrix must be now projected to the new coordinate system:

Aproj = V cT A (3.112)

Aproj contains the spectral data projected on the factors. The further PCR cali-

bration proceeds analog to the ILS calibration, with the calibration matrix F:
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Figure 3.22: Example of three principle components [88].

C = FAproj (3.113)

The found calibration matrix F is equal to:

F = CAT
proj[AprojA

T
proj]

−1 (3.114)

The prediction of the concentration of the unknown sample follows as:

Cunkn = FV cT Aunkn = FcalAunkn (3.115)

Practical calibration can be presently performed by the use of specialized soft-

ware such as Chemometrics Toolbox for MatLab. More information about

the calibration of spectral data with the use of factor spaces are contained in

[83, 84, 91, 92, 88].



4 Attenuated Total Reflectance

Spectroscopy

4.1 Internal Reflection

In the presented thesis an Attenuated Total Reflectance (ATR) measurement

technique, combined with infrared fibers, was used. The ATR technique enables

FTIR-measurements of liquids without an otherwise indispensable sample prepa-

ration. For a measurement, it is sufficient and necessary for the sample to stay in

a contact with the surface of an ATR crystal. In the current chapter the reader

is introduced to the basics of the attenuated total reflectance and infrared fibers.

Understanding of the internal reflection is necessary for explaining of the phe-

nomenon of attenuated total reflectance - ATR. For this purpose, the usual reflec-

tion at the surface of two media is explained below. An incident electromagnetic

wave is described by:

~Ei = ~E0i exp
[

j
(

~ki · ~r − ωit
)]

(4.116)

The index i indicates the incident wave and j is the complex number. At the

surface of two media of refractive indices ni and nt the electromagnetic wave

reflects and refracts. If ni > nt a so called Internal Reflection takes place. On

the contrary, if ni < nt External Reflection occurs. The reflected part of the light

is marked with the index r and the refracted part with the index t. The plane

in which all three beams: incident, reflected and refracted are lying, is called the

incidence plane. In Figure 4.23 the incident, reflected and transmitted (refracted)

rays, as well as the incidence and reflection planes are illustrated [48].

Depending on the direction of the electric and magnetic field vectors with refer-

ence to the incidence plane, the parallel or perpendicular parts of the electromag-
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Figure 4.23: Reflection and refraction of the light at the surface of two media
[48].

netic waves are considered. Considerations concerning the electric and magnetic

fields are similar. Thus, below only behaviour of the electric field is presented. In

Figure 4.24 example directions of the electric and magnetic field vectors, as well

as wavevectors k, of the incident, reflected and refracted beams are shown.

At the place of reflection boundary conditions for the electromagnetic field have

to be fulfilled. First of all, a continuum of the electric field components tangential

to the reflection plane has to be reached:

~E⊥i + ~E⊥r = ~E⊥t (4.117)

The solution of above condition gives the well established reflection lows:

θi = θr (4.118)

nisinθi = ntsinθt (4.119)

where θi is the incidence angle, θr is the reflection angle and θt is the refraction

angle. ni and nt are refractive indices of the first (containing the incident beam)
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Figure 4.24: Directions of electric and magnetic field vectors of an electromag-
netic wave at the place of reflection. The electric field is perpendicular to the
incidence plane [48].

and second medium (containing the refracted beam), respectively. Considering

the magnetic components of the electromagnetic wave and the relations between

the magnetic and electric fields, the so called Fresnel Equations are derived. The

Fresnel equations describe quantitative fractions of the reflected and transmitted

light. For perpendicular components of the electric field these are expressed by:

r⊥ =

(

E0r

E0i

)

⊥

=

ni

µi

cos θi − nt

µt
cos θt

ni

µi

cos θi + nt

µt
cos θt

(4.120)

t⊥ =

(

E0t

E0i

)

⊥

=
2ni

µi

cos θi

ni

µi

cos θi + nt

µt
cos θt

(4.121)

where r represents amplitude reflection coefficient and t represents amplitude

transmission coefficient. For most existing dielectric materials µi ≈ µt ≈ µ0,

causing independence of the equations 4.120 and 4.121 on the permeability µ.

The Fresnel equations for parallel compounds of the electric field are:
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r‖ =

(

E0r

E0i

)

‖

=
nt cos θi − ni cos θt

nt cos θi + ni cos θt

(4.122)

t‖ =

(

E0t

E0i

)

‖

=
2ni cos θi

ni cos θt + nt cos θi

(4.123)

Quantities more adequate to the measured values of reflected and transmitted

light intensities are Reflectivity - R and Transmittance - T. Both are defined as:

R =
Ir

Ii

=

(

E0r

E0i

)2

= r2 (4.124)

T =
It

Ii

=
nt cos θt

ni cos θi

(

E0t

E0i

)2

=
nt cos θt

ni cos θi

t2 (4.125)

The total light intensity remains unchanged:

T + R = 1 (4.126)

A special case of internal reflection is Total Internal Reflection, occurring when all

incident light is completely reflected into the optically denser medium. It occurs,

if the incidence angle θi exceeds the critical angle θc, defined as:

θc = arcsin
nt

ni

(4.127)

In total internal reflection, apart from the reflected beam transporting the total

light intensity, the refracted beam exists and spreads along the reflection plane. It

is a so called inhomogeneous electromagnetic wave. Its existence can be proved,

if the reflection coefficients r‖ and r⊥ are transformed to:

r‖ =
n2

ti cos θi −
√

n2
ti − sin2 θi

n2
ti cos θi +

√

n2
ti − sin2 θi

(4.128)

r⊥ =
cos θi −

√

n2
ti − sin2 θi

cos θi +
√

n2
ti − sin2 θi

(4.129)
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For the total internal reflection θi > θc ⇒ sin θi > nti, nti = nt/ni and the

expression under the square root is negative. It implies that both coefficients

r‖ and r⊥ are now complex quantities and the reflectivity R must be calculated

as rr∗. The result of this calculation is the internally reflected light intensity

[22, 48, 25].

q
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transmitted beam

n
i

n
t

Figure 4.25: Incident, reflected and refracted beams travelling below (· · · ) and
over (—) the critical angle θc.

From Figure 4.25 it is evident that all the light travelling in the medium under

angles larger than θc, is reflected back into the optically denser medium without

the loss of intensity. Example parallel and perpendicular reflectivities R, calcu-

lated for nti = 0.357, are plotted in Figure 4.26. The calculated critical angle of

this system is 36◦.

In Figure 4.27 the phenomenon of the total internal reflection, observed in a ZnSe

crystal, measured with HeNe laser (λ = 632 nm) is presented. The laser beam

reflected inside the crystal is visible. Six internal reflections at one side surface

of the crystal took place.
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Figure 4.26: Parallel and perpendicular components of the reflectivity calcu-
lated at nti = 0.357, (ZnS crystal (ni) = 2.8/air interface).

Figure 4.27: Internal total reflection measured in a ZnSe crystal with HeNe
Laser λ = 632 nm.
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4.2 Attenuated Total Reflectance

The phenomenon of Attenuated Total Reflection (ATR) has the same origin as

the total internal reflection. The light in an optically denser medium travels

under angles exceeding the critical angle θc and at each place of reflection the

light is attenuated. The reason for this attenuation is complex refractive index

n̂t of the optically rarer medium:

n̂t = n(1 − iκ) (4.130)

The coefficient κ describes the absorbtion properties of the substance and is equal

to zero only for fully non-absorbing substances.

For the refracted electromagnetic wave:

~Et = ~E0t exp
[

j
(

~kt · ~r − ωit
)]

(4.131)

the wavevector ~kt comprises of two components ~kxt and ~kzt, as depicted in

Figure 4.23. Thus:

~kt · ~r = kxtx + kztz (4.132)

If the Snellius law is applied, components kxt and kzt can be expressed by:

kxt =
kt

nti

sin θi (4.133)

kzt = ±jkt

√

sin2 θi

n2
ti

− 1 = ±jβ (4.134)

Thus, the refracted electric field can be written in a form of:

~Et = ~E0t exp (±βz) exp

[

j

(

kt

nti

x sin θi − ωit

)]

(4.135)
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A physically meaningful result is only obtained, when the expression has a minus

in the exponent. It means that the penetration of the electric field exponentially

decreases in the optically rarer medium [22, 23]. A more descriptive approach to

this phenomenon explains the origin of the penetrating field with the use of ex-

tended diameter of the incident beam. Due to this, an interference of the incident

and the reflected beam is seen. The result of this interference is a standing wave

perpendicular to the reflection plane, as shown in Figure 4.28. An characteristic

feature of this standing wave is the existence of a nonzero amplitude E0 at the

reflection place.

incident wave reflected wave

standing wave

ni

nt

exp(-z/d )p

z

x
y

dp
E0

Figure 4.28: Standing wave in an internal reflection element (ni) and the evanes-
cent field arising in the optically rarer medium (nt).

The standing wave possesses all three spatial components Ex, Ey and Ez of the

electric field, on the contrary to the normal electromagnetic wave, which exhibits

no components in the direction of the propagation. The components of the stand-

ing wave are expressed by:

Ex0 =
2
√

sin2 θi − n2
ti cos θi

√

1 − n2
ti

√

(1 + n2
ti) sin2 θi − n2

ti

(4.136)

Ey0 =
2 cos θi

√

1 − n2
ti

(4.137)

Ez0 =
2 sin θi cos θi

√

1 − n2
ti

√

(1 + n2
ti) sin2 θi − n2

ti

(4.138)
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As mentioned previously, the boundary conditions at the interface of the two

media demand that the tangential components of the electric field are continuous.

Therefore, the parallel and perpendicular components of the electric field can be

expressed as:

E‖ =
√

|Ex0|2 + |Ez0|2 (4.139)

E⊥ = Ey0 (4.140)

The electric field of the standing wave enters the rarer medium, where it undergoes

the attenuation with the distance z, according to Figure 4.28:

E = E0 exp

(−z

dp

)

(4.141)

where dp represents the penetration depth and z is the distance from the reflection

plane. The plot of simulated amplitude reflection coefficient r, depending on κ is

shown in Figure 4.29. From Figure 4.29 it is evident that even for incidence angles

higher than the critical angle calculated for the set crystal/air, as illustrated in

Figure 4.26, no total internal reflection takes place.

The penetration depth dp into the optically rarer medium is defined as the dis-

tance required for the electric field amplitude to fall to e−1 of its value at the

interface of the two media. The penetration depth is expressed by:

dp =
λ

2πni

√

sin2 θi − n2
ti

(4.142)

where λ is wavelength of the radiation in the vacuum and nti = nt/ni. The

penetration depth, although being a quantity describing a physical phenomenon,

is not very useful in spectroscopy. More important is the effective thickness de.

The effective thickness means such a thickness of a measured sample, at which

absorption bands measured with ATR technique are exact as strong as absorption

bands measured in transmission. This condition can be written as:

∫ de

0

I1α
′cdz =

∫ z2

z1

I2α
′cdz (4.143)
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Figure 4.29: Dependance of the perpendicular amplitude reflection coefficient r
on the absorption coefficient κ, calculated for nti = 0.357, θc = 36◦, (ZnS crystal
(ni) = 2.8/air interface).

where (z1 − z2) is the thickness of the sample, α′ = −εln(10), ε is the absorp-

tivity (molar absorption coefficient) of the sample and c is the concentration of

the sample. The solution of above condition delivers four expressions for effective

thicknesses, depending on the light polarizations and the physical thickness of

the sample. Analytic solutions are possible only under condition of low absorb-

ing substances κ << 0.1. In this case the transmittance spectra measured in

traditional infrared spectroscopy can be approximated with:

T = 1 − αd (4.144)

where α indicates the absorption coefficient and d represents the real thickness

of the sample. For internal reflection measurements the reflectivity R, per N

reflections, can be analogously written as:
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R = 1 − Nαde (4.145)

In general, a differentiation between bulk samples and thin film samples has to be

made. A sample is considered to be in a form of a thin film, if its physical thickness

is smaller than the penetration depth dp of the electric field into the sample. For

most of materials, penetration depths are of few micrometers. All samples having

the thickness bigger than dp are considered to be bulk materials. The effective

thicknesses for thin films depending on light polarizations are expressed by:

de‖ =
4ntid cos θi[(1 + n4

at) sin2 θi − n2
ai]

(1 − n2
ai)[(1 + n2

ai) sin2 θi − n2
ai]

(4.146)

de⊥ =
4ntid cos θi

(1 − n2
ai)

(4.147)

where d is the thickness of the sample and θi is the incidence angle. It should

be emphasized that the third medium with the refractive index na influences the

effective thickness of the sample by nat = na/nt and nai = na/ni.

The corresponding expressions for bulk materials are:

de‖ =
λnti cos θi(2 sin2 θi − n2

ti)

niπ(1 − n2
ti)[(1 − n2

ti) sin2 θi − n2
ti]

√

sin2 θi − n2
ti

(4.148)

de⊥ =
λnti cos θi

niπ(1 − n2
ti)

√

sin2 θi − n2
ai

(4.149)

In the presented work, all measured samples are treated as bulk materi-

als. Additionally, no light polarization has been used, due to the use of

infrared fibers, which are unable to hold the polarization of the radiation

[23, 24, 93, 94, 95, 96, 97].

4.3 Infrared Fibers

A great possibility for the broadening of application fields for infrared spec-

troscopy lies in a combination of ATR measurement technique with infrared fibers
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enabling access to the investigated substance. The fibers for infrared spectral

range differ from typical fibers for visible spectral range in all aspects: the me-

chanical structure, stability, sensitivity and the price. In this section some basic

knowledge about infrared fibers is presented. In principle, the performance of any

fiber uses the phenomenon of the total internal reflection, described in previous

sections.

The light inside a fiber is transmitted along a high refractive index core sur-

rounded by a low refractive index cladding. The whole structure is secured by an

additional jacket, as illustrated in Figure 4.30.
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ncl
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Figure 4.30: Performance of optical fibers: i) cross-section of the fiber showing
its internal structure, ii) possible ray trays existing in the fiber: a-meridional ray,
b-leaky ray, c-ray corresponding to the cladding mode and d-skew ray, iii) the
visualization of the numerical aperture of the fiber [25].

With regard to the profile of the refractive index of the core, the fibers are clas-

sified into: step-index fibers and gradient-index fibers. The step-index fibers

exhibit discontinuity of the refractive index at the core/cladding interface:

n(r) =







nco : r < rcore

0 : r ≥ rcore

(4.150)
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with nco being a refractive index of the fiber core, rcore represents the radius of

the core and r being the distance from the center of the fiber. In gradient-index

fibers, the refractive index changes continually with the distance from the center

of the core:

n(r) =







nco

[

1 − ∆
(

r
rcore

)α]

: r < rcore

nco (1 − ∆) : r ≥ rcore

(4.151)

The above form of the refractive index is called α - profile. The ∆ is the normal-

ized core-cladding index difference:

∆ =
n2

co − n2
cl

2n2
cl

(4.152)

with ncl being the refractive index of the cladding. Possible ways of the prop-

agation of rays in a fiber are illustrated in Figure 4.30. Only meridional rays,

reflected at the core/cladding interface, are totally transmitted. The other rays

called leaky, skew and cladding rays undergo a partial attenuation. Leaky rays

lose a part of their energy at each place of reflection. The cladding modes undergo

refraction at the core-cladding interface and the total reflection at the cladding-

jacket interface. Finally, the skew rays are transmitted inside the fiber although

they do not follow the symmetry axis of the fiber.

In order to propagate any ray along the fiber, a general condition at the entrance

of the fiber has to be fulfilled. The entrance angle of the ray must assure the

reflection angle within the fiber being higher than the calculated critical angle θc,

according to equation 4.127. The maximal accepted entrance angle Θmax, defines

one of the most important parameters of fibers, which is the Numerical Aperture

N.A.:

N.A. = sin Θmax (4.153)

Considering mutual relationships between nco and ncl (Figure 4.30) the numerical

aperture can be calculated according to:
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N.A. = nco

√

1 − sin2 θc =
√

n2
co − n2

cl (4.154)

It has been already mentioned that not all introduced rays propagate inside of a

fiber. The condition of the critical angle was the result of the ray optics. The wave

nature of the light reveals in further limitation of the number of transmitted rays.

The light inside a fiber must additionally satisfy a self-interference condition. The

rays fulfilling this condition are called modes and are specified by solutions of a

scalar wave equation:

∇2Ψ(r, θ, z) + k2
0n

2(r)Ψ(r, θ, z) = 0 (4.155)

where Ψ represents the wave function, k0 is the vacuum wave vector, and n(r) is

the radial profile of the refractive index.

Further separation of the above equation into three independent fractional equa-

tions with the use of assumption:

Ψ(r, θ, z) = R(r)Θ(θ)Z(z) (4.156)

delivers dependency on the radial variable r:

d2R

dr2
+

1

r

dR

dr
+

(

k2
0n

2(r) − β2 − m2

r2

)

R = 0 (4.157)

In the above equation R is the radial part of the wave function Ψ, k0 is the vacuum

wave vector, β represents the propagation constant, n is the refractive index and m

is the azimuthal mode number. The above equation possesses analytical solutions

only for isotropic cylindrical symmetry, such as in case of step index cylindrical

fibers. In such case, the solutions for the core (r < rcore) are represented by Bessel

functions of the first art J. For m = 0 they are expressed by:

R(r) =
J0

(

√

k2
0n

2
co − β2( r

rcore
)
)

J0

(

√

k2
0n

2
co − β2

) (4.158)

The corresponding solutions for the cladding (r ≥ rcore) are:
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R(r) =
K0

(

√

β2 − k2
0n

2
cl(

r
rcore

)
)

K0

(

√

β2 − k2
0n

2
cl

) (4.159)

with K0 as the modified Bessel function.

The solution for the Z(z) is:

Z(z) = exp (jβz) (4.160)

Therefore, an exponential decrease of the light intensity along the direction of

propagation occurs, dependant on the propagation constant β. The propagation

constant can be a complex quantity. The real part of β is responsible for a phase

shift on propagation. If it is normalized to the vacuum wave vector, an effective

refractive index, Neff for the mode is obtained:

Neff =
Re{β}

k0

(4.161)

The imaginary part of β represents the attenuation α of the fiber. This is caused

by fundamental scattering, absorption and scattering on impurities from the pro-

duction process.

α = 2Im{β} (4.162)

The fibers for optical communication are mostly single-mode fibers characterized

by small diameters. Multi-mode fibers have large cores and big numerical aper-

tures. This enables transmission of broad spectra. In order to obtain a single

mode fiber, the following condition has to be satisfied:

2πrcore

λ

√

n2
co − n2

cl < 2.405 (4.163)

More detailed description of physics of optical fibers is given in the literature

[98, 99, 100, 101, 102, 103, 104, 25].

Infrared fibers belong mostly to the multi-mode fibers. The first infrared fibers

were produced in the mid-1960’s for needs of military and surgical applications.
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Figure 4.31: Bessel functions of the zero, first and second order.

Most infrared fibers are concentric in their shape and their lengths do not exceed

few tens of centimeters. The length is limited by poor mechanical stability of

the fibers, as well as strong light attenuations within them. The poor mechanical

stability is a result of infrared transparency, which demands materials made up

of heavy atoms with weak bonds between them. Due to this, typical operational

times of IR-fibers are a few months. This, in addition to the price of thousands

of Euros per meter, is a big disadvantage of infrared fibers. Because of all these

reasons, application of IR-fibers is still limited to chemical sensing, thermometry

and laser power delivery. In Table 4.6 typical representatives of three main groups

of infrared fibers: glass, crystalline and hollow waveguides, are collected. None

of them approaches the performance quality of typical silica fibers for visible

applications.

Depending on the chemical composition, the transmission ranges and attenuations

of single fibers vary strongly. In Figure 4.32. attenuations and transmission

ranges of sample infrared fibers are plotted.
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Table 4.6: Sample materials belonging to three main classes of IR-fibers [25].

Main Class Subcategory Examples

Glass Heavy metal fluoride (HMFG) ZrF4 − BaF2 − LaF3 − AlF3 − NaF
Germanate GeO2 − PbO

Chalcogenide As2S3, AsGeTeSe
Crystal Polycrystaline (PC) AgBrCl

Single crystal (SC) Sapphire
Hollow Metal/dielectric film Hollow glass waveguide

Refractive index < 1 Hollow sapphire at 10.6 µm

Wavelength, µm
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s
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B
/m

Sapphire

Chalcogenide

AgBrCl

Hollow glass

Fluoride glass

Figure 4.32: Spectral ranges and attenuations of infrared fiber samples [25].
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In Table 4.7 main properties of infrared fibers are compared.

Measurements presented in this thesis were conducted with chalcogenide infrared

fibers. Chalcogenide fibers are glass fibers having low softening temperatures.

This limits their use at elevated temperatures. On the other hand chalcogenide

glasses are more stable, durable and insensitive to moisture. They do not transmit

very well in the visible spectral range and their refractive indices are relatively

high. Additionally, the dependence of their refractive index on the temperature

is large. These properties limit the use of chalcogenide glasses in laser delivery

applications, but they are still optimal for evanescent field sensors such as ATR

sensors. A general attribute of all chalcogenide fibers is strong infrared absorption

originating from contaminants from production process such as: H2O, OH−, S−H

or Se. Due to this, these fibers are not proper for applications detecting at 2.78,

4.0, 4.6 and 6.3 cm−1. The attenuation of sample chalcogenide fibers is also shown

in Figure 4.32 [25]. The information about the construction of fiber probes for

spectroscopy, fiber couplers, fiber mixers, fiber spectrometers and the ways of

remote analysis by the use of infrared fibers are contained in [105, 26, 106].
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Table 4.7: Selected properties of IR-fibers [25].

Property Glass

Silica HMFG Chalcogenide

Glass transition or melting point, ◦C 1175 265 245
Thermal conductivity, W/m◦C 1.38 0.628 0.2
Thermal expansion coefficient, 10−6/◦C 0.55 17.2 15
Young’s Modulus, GPa 70 58.3 21.5
Density, g/cm3 2.20 4.33 4.88
Refractive index 1.455 1.499 2.9
at (λ, µm) (0.7) (0.589) (10.6)
dn/dT, 10−5/◦C +1.2 -1.5 +10
at (λ, µm) (1.06) (1.06) (10.6)
Transmission range, µm 0.24-2.0 0.25-4.0 4-11
Loss at 2,94 µm, dB/m ∼800 0.08 5
Loss at 10,6 µm, dB/m NA NA 2

Property Crystal Hollow

PC SC Hollow Silica

Glass transition or melting point, ◦C 412 2030 150 (usable T)
Thermal conductivity, W/m◦C 1-1 36 1.38
Thermal expansion coefficient, 10−6/◦C 30 5 0.55
Young’s Modulus, GPa 0.14 430 70
Density, g/cm3 6.39 3.97 2.20
Refractive index 2.2 1.71 NA
at (λ, µm) (10.6) (3.0)
dn/dT, 10−5/◦C -1.5 +1.4 NA
at (λ, µm) (10.6) (1.06)
Transmission range, µm 3-16 0.5-3.1 0.9-25
Loss at 2,94 µm, dB/m 3 0.4 0.5
Loss at 10,6 µm, dB/m 0.5 NA 0.4



5 Measurement Results

5.1 Experiment

The presented measurements were conducted with FTIR spectrometers, (Bruker,

type IFS-66 and Thermo-Nicolet, type Avatar). A schematic of Bruker spec-

trometer has already been shown in Figure 3.9. The spectrometer was operating

in mid-infrared spectral range. For this purpose, it has been equipped with a

ceramic light source. The light source was of a spiral shape and a length of 10

cm. A special water cooling of the light source was necessary. The emitted light

was limited on an aperture and further collimated by a set of mirrors. After

the collimation, the beam was directed to the Michelson-Interferometer. The

Michelson-Interferometer was constantly purged with dry air heated up to 40◦C.

This preserved a KBr beam-splitter from destruction by the humidity contained

in the air, as well as provided a smooth as possible shift of the movable mirror

on the air cushion. Further, the modulated light was directed to the sample com-

partment. In a basic version of IFS-66, a sample is put into the spectrometer

and the signal is collected by one of two optional detectors. For purposes of on-

line measurements of lubricants, the spectrometer has been additionally equipped

with an external port, focusing the light at the entrance of infrared fibers, leading

to an ATR-probe. This arrangement enabled direct access to external samples.

The ATR fiber-optic probe was purchased from Remspec Corporation, which

has been marketing fiber-probes since 1993 [29, 30, 31, 27]. A schematic of the

spectrometer with the external fiber-optic port is illustrated in Figure 5.33.

The light from the spectrometer is directed to the external port by an additional

mirror mounted before the sample compartment. The external port comprises

a paraboloidal mirror focusing the beam onto the entrance of the fiber bun-

dle. Generally, fiber bundles provide several times higher signal throughput than
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Figure 5.33: Schematic of the used measurement setup. IFS-66 FTIR spec-
trometer equipped with infrared fibers and an ATR-head.

throughput obtainable with single fibers. This is because of the small numer-

ical aperture of single infrared fibers. The infrared fibers used were of chalco-

genide type. Properties of chalcogenide glass fibers have been already described

in section 4.3. The diameter of each fiber was 500 µm. Typical diameters of

beams exiting spectrometers are 25-50 mm. Thus, focusing of the beam from the

spectrometer onto the single fiber and simultaneously fulfilling the condition of

numerical aperture is difficult. It causes high loses of the light intensity. On the

contrary, a fiber bundle, demands only a focused light spot of the size of 2-3 mm.

Additionally, the coupling of several single fibers with small diameters increased

the mechanical stability and flexibility of the sensor head. Due to these facts,

the used entrance fiber bundle consisted of seven single fibers spread accidentally

in a glass cladding and enclosed in a metal jacket. The exact position of the

focused light spot on the fiber bundle was found by the use of a 3D-positioning

unit. Due to the strong attenuation of the light in the fibers, the length of the

entrance fiber bundle was limited to 1 m. In this way, a sufficient light intensity

at the detector was provided. A picture of a cross-section of the entrance fiber
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bundle is presented in Figure 5.34 b. The entrance fiber bundle leads to the ATR

measurement head. The head consists of a ZnS crystal, in which the attenuation

of the light, caused by the investigated sample, takes place. The attenuated light

is further directed to the exit fiber bundle leading to an external MCT detector.

Both entrance and exit fiber bundles were tightly coupled to the ATR-ZnS crys-

tal. The coupling eliminated the necessity of additional antireflection coatings

on the surface ZnS/fibers. The whole was enclosed in a stainless steel jacket.

The jacket was specially designed, in order to preserve a sufficient cooling of the

immersion probe. The special design of the ATR probe makes it appropriate for

on-line investigations of chemical processes running under extreme conditions of

temperature and pressure. Temperatures up to 150◦C and pressures up to 7 bar

can be applied. Nevertheless, in order to avoid melting the fiber-glass, the tem-

perature of the fiber core must be kept below 50◦C. This low temperature was

guaranteed by a sufficient length of the ATR-crystal. ATR, mid-IR transparent,

materials are good thermal insulators. Usually, with crystals of a few centimeters

in length, a decrease of the temperature by 50◦C is obtained. For certainty, an

additional dry air or nitrogen cooling, of 140 l/min flow rates, was applied. The

temperature inside of the cooling jacket was controlled by the use of a built-in

thermocouple. A picture of the ATR crystal and the whole cooling jacket are

presented in Figure 5.34 a and c, respectively [27]. The exit fiber bundle consists

of twelve single fibers, due to the lower transmitted power of the light. Also, the

length of the exit fiber bundle was shorter than the length of the entrance bundle.

A proper position of the exit fiber bundle on the detector window, was found by

the use of another 3D-positioning unit. The used fiber-optic probe can be easily

adjusted to fiber-transmission or fiber-reflection measurements by exchange of

the ATR-head.

The external detector module consists of a photoconductive Mercury Cadmium

Telluride (MCT-HgCdTe) detector, a matched preamplifier and a power supply.

An additional lens has been built into the detector window. The lens focuses the

light exiting from the exit fiber bundle onto the detector element. It allows a

smaller detector element to be used, as well as provides a better thermal isolation

of the detector element from the surroundings. The detector signal is processed
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a) b)

c)

Figure 5.34: Components of the ATR-fiber-optic immersion probe: a) the head
of the probe with the ZnS-ATR crystal, b) a cross-section of the entrance fiber
bundle and c) the whole fiber optic probe.

by the electronic module of the spectrometer. The MCT detector requires cooling

with liquid nitrogen. More or less stable operation of the detector module, suffi-

cient for single measurements, is obtained one hour after it is switched on. In this

time, the detector element must reach a thermal equilibrium and the electronics

must warm up. The dewar for the liquid nitrogen had a 500 ml volume. The

nominal holding time for the dewar was 12 hours, but in cases of long lasting,

repeated measurements, the next filling should occur after 4-6 hours. It provides

a reasonably constant temperature of the detector element.

The main parameters of the used MCT detector are listed below:

• Sensitive area: A = 0.25 mm2

• Wavelength peak: λp = 12.00 µm

• Detectivity: D∗(λp, 10000, 1) ≥ 4 · 1010 cm
√

Hz/W
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• Responsivity: R ≥ 5000 V/W

• Time constant: τ ∼ 0.4 µs

• Field of view: FOV = 60◦

FTIR spectra of the light source collected with the fiber-optic probe differ

from FTIR spectra collected in a traditional transmission measurement. In

Figure 5.35 such two spectra collected with the IFS-66 spectrometer are presented

for comparison. The upper plot has been recorded in transmission with a DTGS

detector, in spectrometer purged with air, at 4 cm−1 resolution. The lower spec-

trum has been recorded with the MCT detector and the ATR fiber-optic probe, at

4 cm−1 resolution. In the lower fiber-optic spectrum a signal cut-off at longer

wavelengths is observable. This feature is characteristic for chalcogenide glass

fibers transmitting beyond 900 cm−1. The high wavelength cut-off of the used

MCT detector has been adjusted to the cut-off of the fibers. An additional strong

absorption at 2300 cm−1 originates from Se-H vibrations of the fibers, as men-

tioned in section 4.3. The hydrogen impurities originate from the production

process of the fibers. Thus, chalcogenide fibers are not suitable for investigations

of substances, whose spectral changes occur especially in this area. The influence

of the response of the MCT detector on the spectrum is visible at high wavenum-

bers. A much stronger signal is measured in this area than with the DTGS

detector. Additionally, variations of the signal, connected with insufficient vac-

uum in the dewar of the MCT detector, occur. In order to obtain spectra of good

quality with an ATR-fiber-optic probe, some basic rules have to be followed. More

scans than with traditional transmission measurements are necessary, due to the

lower signal levels and a good contact between the surface of the ATR crystal and

the probe has to be provided. Moreover, the position of the fibers should not be

changed between the collection of background and sample spectra. The change

in the position of the fibers influences the signal level due to microbending losses

of the light intensity.

The ATR-head that was used is conically shaped. It operates as a cube corner

reflector providing two bounces at the crystal/sample interface. The ATR-head,

the light coupling between the spectrometer, the fibers and the ATR crystal

are depicted in Figure 5.36. The light exiting the spectrometer is focused by a
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Figure 5.35: Comparison of FTIR spectra: a) recorded in transmission, b)
recorded with infrared fibers. The fibers exhibit a cut-off frequency at 900 cm−1

and a strong Se-H absorption at 2300 cm−1.



5.1 Experiment 91
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Figure 5.36: Schematic of the light coupling to the ATR-head. Only two reflec-
tions at the crystal/sample interface occur.

parabolic mirror at the entrance of the fiber bundle. The chalcogenide fibers have

very high refractive index, nf = 2.8, which remains almost constant in a wide

wavelength range of infrared spectrum. Taking into consideration the reflective

indices of the fiber core and the glass cladding, the acceptance angle of the fibers

can be calculated. According to P. Melling, Remspec Corp., the acceptance angle

of the used chalcogenide fibers is Θ = 40◦. This implies the reflection angle within

fibers is higher than β = 77◦. Due to negligible differences in refractive indices

of chalcogenide fibers (2.8) and ZnS crystal (2.2-2.8, dependant on producers),

little to no refraction of the light takes place on the surface fiber/ATR-crystal.

Generally, reflection and refraction losses can be neglected under the condition

of a tight contact between the fibers and the ATR-head. Due to this fact, it can

be assumed that the light proceeds further in the crystal at a minimum angle

77◦. Surfaces of the conical tip of the crystal are inclined at an angle of 45◦ to

the rest of the crystal. This implies reflection angles at the surfaces of the tip

smaller than 58◦, but higher than 45◦. Only the conical tip of the ATR-crystal

stays in contact with the sample. Such a geometry provides only two reflections

contributing to an infrared spectrum, as depicted in Figure 5.36. Nevertheless,

measured absorbances are little larger than theoretical absorbances calculated for

only two bounces. The reason for this is a wide range of angles, under which the

light is transmitted inside of the fibers, as well as off-axis rays.

As mentioned in section 4.2, the strength of infrared absorption bands measured
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with ATR techniques depends on the relation between the refractive indices of

the crystal and the sample. It influences the values of the penetration depth and

the relative thicknesses of the system. Due to this fact, simulations of the effec-

tive thicknesses and the penetration depth for the used ZnS crystal and one of

investigated lubricant samples have been conducted. Results of these simulations

for relative effective thicknesses (de/d), parallel and perpendicular, calculated

for thin film samples are plotted in Figure 5.37. Values of the relative effective

thicknesses, corresponding to the plots, are collected in Table 5.8. As already

mentioned, samples are considered to be in a form of thin films, if their thickness

does not exceed a few wavelengths of the incident radiation. In the case of mea-

surements carried out in mid-infrared spectral range, it means sample thicknesses

in a range of micrometers. Due to the conical shape of the ZnS crystal, it was im-

possible to obtain a constant sample thickness of a few µm with this ATR-head in

practice. Therefore, a further analysis has been conducted with samples in a form

of bulk materials. Simulated relative effective thicknesses (de/λ1) and the relative

penetration depth (dp/λ1) for bulk materials are illustrated in Figure 5.38. Here

λ1 is the wavelength of the light within the ATR crystal. Corresponding values

are listed in Table 5.9.
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Figure 5.37: Parallel and perpendicular relative effective thicknesses (de/d)
simulated for thin films. ncrystal = 2.25, noil = 1.48, λ = 5.84 µm, d = 2.596 µm
- sample thickness.

Table 5.8: Relative effective thicknesses of thin film samples calculated for
ncrystal = 2.25, noil = 1.48, λ = 5.84 µm, d = 2.596 µm - sample thickness.

Incidence Relative parallel Relative perpendicular
angle, ◦ effective thickness effective thickness

de||/d de⊥/d

30 1.782 2.839
35 1.907 2.686
40 1.875 2.512
45 1.777 2.318
50 1.641 2.108
55 1.479 1.881
60 1.298 1.639
65 1.103 1.386
70 0.896 1.121
75 0.679 0.849
80 0.457 0.569
85 0.229 0.286
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Figure 5.38: Parallel and perpendicular relative effective thicknesses (de/λ1)
and the penetration depth (dp/λ1) simulated for bulk materials. ncrystal = 2.25,
noil = 1.48, λ = 5.84 µm.

Table 5.9: Relative effective thicknesses of bulk material samples and penetra-
tion depth calculated for ncrystal = 2.25, noil = 1.48, λ = 5.84 µm.

Incidence Relative parallel Relative perpendicular Relative
angle, ◦ effective thickness effective thickness penetration depth

de||/λ1 de⊥/λ1 dp/λ1

45 2.011 1.006 0.613
50 1.097 0.604 0.405
55 0.746 0.434 0.326
60 0.545 0.328 0.283
65 0.407 0.250 0.255
70 0.301 0.188 0.237
75 0.214 0.135 0.255
80 0.138 0.087 0.217
85 0.067 0.043 0.213
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From above, some general conclusions can be drawn:

• for the used measurement set-up the relative perpendicular effective thick-

ness of thin films is higher than their relative parallel effective thickness.

For samples in bulk materials form this relationship is the opposite.

• the measurement set-up does not differentiate between polarizations of the

light i.e. the spectra are obtained as with the medium of average effec-

tive thickness in the range of reflection angles: 45◦-58◦. In this range the

effective thicknesses of thin films are at a minimum, twice as big as corre-

sponding thicknesses of bulk materials. That results in considerably weaker

interaction between crystal and a sample and thus, weaker absorption bands

in infrared spectra of bulk materials.

• for bulk materials at 45◦: de⊥ = de||/2

The influence of the effective thicknesses on FTIR spectra is demonstrated in

Figure 5.39. From Figure 5.39 it is evident that the form of the sample does not

influence the position of absorption bands, only their strength. In the spectrum of

a bulk material sample, main hydrocarbon bands remain unchanged, but weaker

spectral features, such as the one observable in the thin film spectrum in a range

(1650-1700) cm−1, are almost invisible. Due to this fact, on-line observation of the

arising oxidation of lubricant samples, especially in its initial state, is expected

to be difficult. A complete interpretation of spectra of lubricants is presented in

section 5.3 of this chapter.

5.2 On-Line Aging Measurements

5.2.1 Measurement Set-up

In order to conduct on-line aging measurements, the aging process of different

lubricants has been conducted. The lubricants were placed in a glass and heated

to over 100◦C. Exact aging conditions of particular samples are described in
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Figure 5.39: Sample transmittance spectra of a mineral oil measured for: a)
thin film sample, b) bulk material sample.

section 5.3. The oxidation process was catalyzed by Cu and Fe powders, Sigma-

Aldrich. Additionally, air at 1 bar, was constantly blown through the samples.

The reaction times were on the order of months. During this period of time, a

constant operation of the FTIR-spectrometer and the MCT detector had to be

maintained. Therefore, laboratory conditions were constantly controlled. Stable

operation of the MCT detector required a special system for automatic filling

with liquid nitrogen. This developed system is described in the next subsection.

Measurements were conducted with a specially written program working in the

environment of OPUS, a software controlling the IFS-66 spectrometer - Bruker.

The measurement software is described in subsection 5.2.3. In Figure 5.40, a

picture of the constructed measurement set-up is shown. In the center of the

picture, the IFS-66 spectrometer is shown. On its right side, the external port

and the fibers have been placed. Behind the spectrometer, the glass containing

oil samples with the immersed ATR-head and air connections is situated. On

the right side, the specially adjusted MCT detector and the liquid nitrogen filling

unit are situated.
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Figure 5.40: Measurement set-up used for on-line aging measurements. FTIR
IFS-66 spectrometer equipped with infrared fibers and the ATR-head immersed
in a boiling oil. On the right side, the cooling system of the MCT detector is
situated.

5.2.2 Detector Stability

In order to conduct long-lasting measurements, the long-term stability of the

MCT detector response had to be reached. As already mentioned, the detector

body was sealed into a side sight 500 ml dewar of a holding time of 12 hours.

The filling inlet of the dewar was 1 cm in diameter. Automatic filling of the

detector dewar succeeded through a steel pipe placed in the inlet. In order to

prevent high pressures form arising inside the detector, no gaskets at the inlet

were used. The pipe was connected to a 35 l dewar through a 1,5 m long, PTFE

(polytetraflouroethylene) tube. Connections and the pipes were thermally iso-

lated. First, the time behaviour of the detector and its dewar were measured.

For this purpose the hot detector was fully filled with the liquid nitrogen and the
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total signal was measured. The results are depicted in Figure 5.41. The detector

signal becomes stable after about five hours since the initial filling. Therefore,

evaluations of the efficiency of different automatic filling systems were always

made 5 hours after the first filling.

0

Figure 5.41: Cooling curve of the used MCT detector.

Two filling systems were investigated. The first was a two-diode filling-sensor

offered by Cryo-Anlagenbau GmbH. Two light emitting diodes were immersed in

the dewar at some distance from each other. A difference between power con-

sumptions of the diodes, depending on their temperatures, served as an indicator

of the level of the liquid nitrogen. The differential signal controlled the open/close

function of the magnetic valve. This filling system is depicted in Figure 5.42.

Two sensors with different distances between the diodes were investigated. If

the distance between the diodes was 3.5 cm, the filling occurred cyclicly, every

30-40 s, with durations of 5-10 s. In this case the consumption of the liquid nitro-

gen was enormous. Therefore, the distance between the diodes was increased to 8

cm. In this case the filling occurred every few minutes for 20-90 s, one hour long.

Afterwards, about one hour long break occurred. Due to small distances between

the filling pipe and the diodes, limited by the diameter of the inlet, cooling of the

diodes while the filling occurred. It caused irregular and small filling intervals.
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Figure 5.42: Two-diode liquid nitrogen filling system of Cryo-Anlagenbau
GmbH.

In this set-up 35 l of liquid nitrogen were consumed in 16-17 hours. It means

a weakly consumption of 365.5 l of the liquid nitrogen. This amount, though

smaller than the one consumed by the first sensor, already requires special safety

and ventilation systems. Costs of the liquid nitrogen and the necessary systems

were too high to implement this filling system. It has to be, however, emphasized

that this system works properly for detector dewars of bigger volumes and inlet

diameters.

Next, the applicability of a time-relays was checked. It has been figured out

that to fill the dewar to 2/3 of its volume, 1 min filling time was necessary.

The time-relays was programmed to fill every 1, 2 or 3 hours, each time for

1 minute. In the case of hourly filling, the detector was quickly overfilled. In

case of filling every three hours, after 23 hours all nitrogen from the detector

evaporated and there was no signal measured. The most suitable filling interval

was the filling every two hours. In this case, the detector was constantly cooled

up to 30 hours with 35 l of the liquid nitrogen. That equates to half of the

weekly consumption of the liquid nitrogen as compared with the above method or

196 l. Nevertheless, the consumption of the liquid nitrogen varies dependently

on the ambient temperature. Fixed filling intervals therefore threaten to under-
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or overfill the detector and thereby destroy the infrared fibers coupled to the

detector. Due to this fact, a PC-controlled filling system was developed. The

goals of this system were:

• further reduction of the amount of the used liquid nitrogen

• preservation of a full safety while filling

A constant control over the filling process can be obtained by a direct use of

the signal from the FTIR spectrometer. The signal was measured by a specially

written program, in OPUS. The program for repeated long-term measurements

is described in the next subsection. Interferograms collected with this program

were sequently read into another LabView program communicating with a PCI

card, National Instruments PCI-MIO-16E-4. The PCI card controlled the mag-

netic valve. In the program a maximum of each interferogram was found and

compared with a set lower limit. If the measured maximum decreased under

the set limit, the magnetic valve was opened. The duration of the filling pro-

cess was fully adjustable. The set limit defined the shift of the base line in the

FTIR spectrum and the amount of the consumed liquid nitrogen. For the best

performance, a compromise between small changes of the measured maximum

of the interferogram and long time intervals between the fillings had to be met.

Eventually, changes in filling parameters could be conducted anytime without in-

fluencing conducted measurements. This solution reduced further the amount

of the consumed liquid nitrogen and simultaneously preserved the maximum

safety. A flowchart of the programmed procedures is shown in Figure 5.43. In

Figure 5.44 example minimum and maximum transmission curves of the MCT

detector, measured over seven days, are presented. The limit was set 2.5 % under

the initial value of the maximum of the interferogram. From Figure 5.44 it is

evident that with time, only a small shift of the transmission line, occurs. No

other spectral changes, except of CO2 absorptions, occur. Obtained long-term

stability of the MCT detector was sufficient for long-term investigations of lubri-

cants. With this set-up a further reduction of the amount of the weekly consumed

liquid nitrogen to 59 l was obtained. The developed system fully fulfilled the set

requirements.



5.2.3 Measurement Software 101

Data
collection

Data saving

Yes

No

Read into
LabView

Interferogram
saving

Fill nitrogen

Look for maximum
Smaller than limit?

Start

Figure 5.43: Flowchart of the filling control software.

5.2.3 Measurement Software

Basic measurements with IFS-66, as well as data processing are conducted in

OPUS, Bruker. Due to various possible configurations of the FTIR-spectrometer

and its couplings to external devices, before a measurement a precise configuration

of the optical bench of the spectrometer and the electronics has to be defined in

the software. The following parameters have to be set:

• spectral resolution

• spectral range

• measurement duration

• aperture

• measurement path

• detector

• mirror velocity

• acquisition data range

• acquisition mode

• low-pass filter
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Figure 5.44: Minimum and maximum base line signal gained during seven days
of a measurement with the PC controlled filling system.

• phase resolution

• phase correction method

• apodisation function

• zero filling factor

A choice of single components of measured and processed data, which should

be available after a measurement, is also possible. Separate OPUS’s functions

are responsible for single and repeated measurements. In case of repeated mea-

surements the amount of iterations N and the time interval between two single

measurements ∆t, have to be additionally set. The OPUS’s function for repeated

measurements exhibits, however, a series of disadvantages:

• the amount of measurements N, is limited to 1000

• the time interval between measurements ∆t, is limited to 1000 s

• the data is not available before the end of the whole measurement

• OPUS cannot work parallel during one measurement
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The first two points determine the duration and the time resolution of an investi-

gated reaction. In case of conducted on-line measurements of lubricant aging the

above limits of N and ∆t, were too small. The necessary minimum measurement

duration N∆t, was on the order of three months. By cases of such long-lasting

measurements, the time interval had to be adjusted so as not to overload the hard

disc of the PC and simultaneously not to lose the time resolution of the reaction.

Time intervals of 20 min were chosen. Longer time intervals would not influence

the time resolution of the measurement, due to very low initial reaction rates, but

could influence the operation of the liquid nitrogen filling system. The inacces-

sibility of measurement results until the end of the whole repeated measurement

threatened a waste of time, in cases of improper parameter settings influencing

the results, or in cases of possible disturbances occurring during the measurement,

which would make measurements useless. Due to these facts, a special program

for repeated measurements providing enough duration, resolution and safety has

been written.

In order to adjust the measurement process to any application, OPUS offers a

possibility of writing programs in OPUS’own macro programming language, or in

Microsofts VBScript. The OPUS macro system, consists of an editor, a debugger

and a converter to translate macros written with OPUS-OS/2. OPUS possess a

set of already programmed macros for basic operations on the data, which can be

used for building more complicated functions. The advantage of the OPUS macro

language is its simplicity in communication with the spectrometer. The commu-

nication with the spectrometer is controlled by a row of parameters, which have

to be properly defined if the measurement should be controlled by an external

program. A proper definition of these parameters makes external programming

extremely difficult. On the contrary, in OPUS’own macros the parameters are

already predefined. Therefore, controlling of measurements with the use of in-

ternal OPUS’s macros is recommended. Nevertheless, a disadvantage of OPUS’s

macros is still the inaccessibility of the data, until the end of the measurement.

Additionally, OPUS is blocked as long as macro is running. Therefore, a bet-

ter solution is a combination of OPUS’s macros with each other by interfacing

with Microsoft’s Scripting Engine, which is able to process several scripting lan-
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guages. As a result, several programming languages can be used in combination

with OPUS. Currently, VBScript is the most commonly used language, but Java

Script can also be used. There are no limitations to the design of the user’s

interface, which is constructed with the help of Microsoft Forms. As usual, a

Form is constructed interactively. A combination of OPUS’s internal macros and

VBScripts enables realization of parallel measurements and data processing, as

well as an immediate access to the measured data during the measurement.
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Figure 5.45: Structure of the program for long-lasting repeated measurements.
S - spectrum, T - transmittance.

The program for repeated measurements as written is characterized by four pa-

rameters: a) number of main repetitions N, b) time interval between the main

repetitions ∆t1, c) number of repetitions within one main measurement M and d)
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Figure 5.46: Flowchart of the Visual Basic/OPUS macros program for a control
of long-lasting repeated measurements.

time interval between the minor repetitions ∆t2. Measurement results collected

during each major repetition are averaged in order to increase SNR and elim-

inate possible disturbances originating for example from filling of the detector.

The main repetition parameters N and ∆t1, correspond to the parameters set

in OPUS’s repeated measurement macro. Measurements follow the same way as

standard FTIR transmittance measurements. At first a background spectrum,

SB, is recorded. It serves to calculate transmittance spectra, T, after each single

sample spectrum measurement, S. The program fulfills following functions: a)

read and check parameters: N, M, ∆t1, ∆t2, b) conduct the measurement (one

background and N sample spectra), c) calculate transmittances, d) stop the mea-

surement and finally e) save the data. The configuration of the optical bench

and the electronics of the spectrometer is predefined in OPUS’s macros called

out in the main VBScript. The data is saved in two separate folders. One folder

contains the data available during the measurement. This data can be parallel

processed freely. The second folder contains the original data, which is not avail-

able before the end of the measurement. The structure of the program is shown

in Figure 5.45.
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5.2.4 Temperature Correction

On-line interpretation and qualification of the aging process of lubricants demands

comparison of spectra of aged lubricants recorded at elevated temperatures with

spectra of fresh lubricants recorded at ambient temperature. Such spectra differ

due to:

• a change of the emissivity of the sample

• a change in the refractive indices of both: the oil and the ATR crystal

In the presented thesis only the temperature dependant emissivity of samples

has been considered. A total power, (spectral radiance) LeD(ν), measured at the

detector can be, for an emitting body, expressed by a sum of the transmitted

power LeT (ν) and the power emitted by the sample Leη(ν):

LeD(ν) = LeT (ν) + Leη(ν) (5.164)

Transmitted spectral radiant power ΦeT (ν) can be calculated from:

T (ν) =
IT (ν)

I0(ν)
∼= ΦeT (ν)

Φe0(ν)
∼= LeT (ν)

Le0(ν)
(5.165)

where T (ν) is a transmittance of the sample according to 3.18. The emitted

spectral radiant power is proportional to a geometrical coefficient κ, a spectral

emission coefficient η and the spectral radiant power of a black body of the

temperature T, ΦBB(T, ν) according to:

Φeη(T, ν) = κηΦBB(T, ν) (5.166)

Thus, the emitted spectral radiance Leη(T, ν), calculated according to 3.29, is:

Leη(T, ν) = ηLBB(T, ν) (5.167)

With that, spectrum measured at the detector at the temperature Ti can be

therewith expressed by:
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LeD(Ti, ν) = T (Ti, ν)Le0(Ti, ν) + η(ν)LBB(Ti, ν) (5.168)

The emission coefficient η(ν) can be further determined by subtraction of spectra

measured at two different temperatures T1 and T2, under condition of constant

transmittances of the sample, T (T1, ν) = T (T2, ν):

η(ν) =
LeD(T1, ν) − LeD(T2, ν)

LBB(T1, ν) − LBB(T2, ν)
(5.169)

Thus, under assumption that the transmittance Tmeas(Ti, ν) measured at the

temperature Ti is given by:

Tmeas(Ti, ν) =
LeD(Ti, ν)

Le0(Ti, ν)
(5.170)

the corrected transmission spectrum Tcorr(ν) can be calculated according to:

Tcorr(ν) = Tmeas(Ti, ν) − η(ν)
LBB(Ti, ν)

Le0(Ti, ν)
(5.171)

A sample of measured and corrected spectra is shown in Figure 5.47. The mea-

sured sample was a GR-XP oil, which is a typical representative of industrial

transmission oils used in stationary equipment. This is a mineral based oil con-

taining small amounts of additives. The spectra were recorded at 6 cm−1 resolu-

tion and with 30 sample and background scans. In the upper plot, uncorrected

spectra of the same sample recorded at a) 120◦C and b) 40◦C are presented. The

background shift of the a) curve is of about 10 % of transmittance and at the low

wavenumber edge, some distortion caused by the emissivity of the black body, is

noticeable. In the lower plot, the same spectra after the temperature correction

to 40◦C are presented. In order to obtain the best matching of the spectra, the

expression 5.171 must be corrected for an experimental factor of m.

Tcorr(ν) = Tmeas(Ti, ν) − mη(ν)
LBB(Ti, ν)

Le0(Ti, ν)
(5.172)

The best results have been obtained for m=0.85.
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Figure 5.47: Upper plot presents the spectra of a GRXP oil measured at: a)
120◦C and b) 40◦C. Lower plot presents the same spectra, but the spectrum of
the hot lubricant has been temperature corrected, m = 0.85.
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5.2.5 Crystal Aging

The aging of lubricants and its on-line monitoring was conducted as already de-

scribed. The ATR-head was immersed in hot samples and repeated measurements

were conducted. A few hours after beginning the measurements, dependant on

the aging temperature, a decrease of the signal level was observed, as illustrated

in Figure 5.48. Usually, such a signal decrease is caused by a lack of the liquid

nitrogen in the MCT detector. Another possible reason could be a change of

spectral properties of the ZnS crystal under the reaction conditions. In order to

investigate these eventual changes, an EDX analysis (Energy Dispersive XRF →
X-Ray Fluorescence Analysis) of the crystal, has been conducted at the Institute

of Hydrochemistry and Chemical Balneology (IWC) of the Technische Universität

München. Obtained EDX spectra are shown in Figure 5.49 [107].

In XRF measurements, a primary X-Ray beam strikes a sample and excites a

secondary X-Ray beam. The secondary beam is characteristic for the chemical

composition of the sample. This is known as the phenomenon of fluorescence.

The emitted wavelength depends on the chemical composition of the sample and

the registered intensity on the concentration of particular atoms in the sample.

XRF spectrometers are classified, with regard to their construction, as wavelength

dispersive and energy dispersive spectrometers. In spectrometers of the first type

the spectral resolution is obtained through diffraction of the resultant ray on a

crystal. In energy dispersive spectrometers the spectral resolution is obtained

directly through detector of a high energy resolution [107].

In Figure 5.49 a), an EDX spectrum of a new ZnS crystal is presented. Except

for Ag traces, originating from other examinations of the crystal, clear strong

peaks of Zn and S are observable. In the lower plot 5.49 b), an EDX spectrum

of the damaged ZnS crystal is shown. In this case, the total number of counts

decreased. This is due to the fact that the EDX technique investigates only the

surface of the material up to 0.1 mm depth. In this area, the concentration of

Zn and S decreased as atoms of Ni, P, Fe and Cu covered the surface. The pres-

ence of these atoms is responsible for introduced non-transparency of the crystal.

Cu and Fe atoms were added as catalysts to the lubricant at the beginning of
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Figure 5.48: Decrease of the measured signal observed after 5 hours of on-line
observation of the lubricant aging. Temperature of the reaction T = 120◦C.

the aging process. Fe and Ni are constituents of the metal shaft of the ATR

probe made of stainless steel. The P originates from the decomposition of ZDDP

(Zinc Dialkyl Dithiophosphate) anti-wear additives being constituents of the in-

vestigated oil. Above results allow the claim, that the used ATR-probe can be

used only for high temperature investigations of processes of high reaction rates.

Long-lasting thermal exposures lead to the damage of the ZnS crystal being al-

most the most inert among all infrared materials. One solution of the problem

with the ZnS crystal, could be a use of diamond ATR-crystal. Nevertheless, this

material exhibits lower spectral sensitivity than ZnS crystal, due to lower values

of penetration depths and effective thicknesses. Thus, more reflections on the

crystal/sample, (new measurement geometry), interface would be necessary to

obtain comparable signals. A second disadvantage of diamond is its strong in-

frared absorption occurring at 2000 cm−1 due to C-C vibrations of the tetrahedral

diamond structure. At least, a fact that diamond is an expensive material should

be taken into consideration.
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Figure 5.49: Comparison of EDX spectra: a) of a clean ZnS crystal (before
on-line aging measurements), b) recorded after the decrease of the signal (after 5
hours of oil aging at 120◦C).
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5.3 Fresh and Aged Lubricants

5.3.1 Static Measurements

In order to check the sensitivity of the fiber-optic probe, four lubricating oils deliv-

ered by the Institute for Machine Elements, Gear Research Center of the Technis-

che Universität München, have been static examined. The samples were measured

in both transmission and using the ATR-technique. The oils were: mineral MTF

(MTF-Manual Transmission Fluid), mineral PAO-ATF (PAO-Polyalphaolefine,

ATF-Automatic Transmission Fluid), PG-CLP (PG-Polyglycol, CLP- a class of

mineral oils with improved corrosion, aging and wear resistance) and PAO-Ester

(AXLE) oil. Each oil sample was aged at 130◦C, over 160 hours for the MTF oil

and over 300 hours for the rest of the samples. The cold fresh and old oils were

then investigated. Transmittance spectra were recorded with Thermo-Nicolet

AVATAR FTIR spectrometer, at 4 cm−1 resolution, in (4000-400) cm−1 spectral

range and with 30 background and sample scans. The spectra are plotted in

Figures 5.50-5.53.

MTF oil is a fully natural mineral lubricant used in manual gearboxes for auto-

motive applications. Its natural hydrocarbon structure is revealed by a strong

absorption band in the area (2800-3000) cm−1 comprising of C-H asymmetric

stretch and C-H symmetric stretch of CH2 and CH3 molecules. Due to a large

sample thickness, these bands are strong and overlay. A second group of ab-

sorption bands, which can be assigned to the alkane chains are bands lying at

1377 cm−1 and 1456 cm−1. They originate from CH3 umbrella bends, CH2 scis-

sors, CH vibrational modes of short alkanes and a small amount of branched

polymeric chains. The next relatively strong band occurs at 722 cm−1 with CH2

rocking of longer alkane chains. Such chemical structure exhibit only high refined,

thermal stable mineral oils. The MTF oil also contains trace amounts of anti-

oxidants in the form of amine salt form compounds. They contribute to the broad

band at (2800-3000) cm−1 and can be identified as separate bands at 1605 cm−1,

1156 cm−1 and 818 cm−1. And last, anti-wear additives in a form of esters are

found. Their presence is evident at 1731 cm−1 in C=O stretching, in peaks of
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C-C-O and O-C-C stretch at 1304 cm−1, at 1166 cm−1 and lower wavenumbers,

respectively. Despite the presence of absorption bands MTF oil contains only

small amounts of esters. The chemical structure of the MTF oil limits its use-

fulness to applications with low loads and operating temperatures typically not

exceeding 130◦C [108, 109, 110, 111, 112, 38].

Figure 5.50: Comparison of transmittance spectra of MTF oil recorded with
Thermo-Nicolet FTIR spectrometer: — fresh, · · · old (after 160 hours of aging
at 130◦C). Resolution ∆ν = 4 cm−1, sample thickness: fresh - 107.04 µm, old -
106.42 µm.

Spectra of the ATF oil are presented in Figure 5.51. This lubricant is a mixture

of a fully synthetic polyalphaolefine (PAO) - 35 % and a mineral oil - 65 %. Due

to this fact, its infrared spectrum differs only slightly from the spectrum of the

MTF oil. The differences are visible in stronger bands from the additives, of

which concentrations in ATF oils are usually higher. This enables the use of ATF

lubricants at higher temperatures than pure mineral oils [108, 109, 110, 111, 112,

38].

In Figure 5.52 spectra of fully synthetic PAO-Ester oil (AXLE) developed for au-
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Figure 5.51: Comparison of transmittance spectra of ATF oil recorded with
Thermo-Nicolet FTIR spectrometer: — fresh, · · · old (after 300 hours of aging
at 130◦C). Resolution ∆ν = 4 cm−1, sample thickness: fresh - 113.67 µm, old -
114.65 µm.

tomotive gears are shown. As mentioned previously, spectral features of polyal-

phaolefins are similar to these of mineral oils. Therefore, the well known hydro-

carbon bands, together with strong ester and amine salt compounds bands at

1740 cm−1, 1245 cm−1, 1165 cm−1 and 1091 cm−1, are observed. This oil exhibits

a further improvement of lubricating properties in comparison to the MTF and

the ATF oil. That is due to the saturated structure of the hydrocarbon chain, as

well as, higher concentrations of additives [108, 109, 110, 111, 112, 38].

The last investigated sample was the PG-CLP oil. It is a polyglycol based

oil developed for heavy load industrial applications. Its spectra, shown in

Figure 5.53, differ from the spectra of the other samples. With this oil, the

minimum obtainable sample thickness was still too large and therefore basic

absorption bands are too strong. Additionally, strong, broad OH bands orig-

inating from polyglycol at 3500 cm−1 and 1100 cm−1 are visible. They cover

other spectral features in the area (1500-1000) cm−1. The typical hydrocar-
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Figure 5.52: Comparison of transmittance spectra of PAO-Ester oil recorded
with Thermo-Nicolet FTIR spectrometer: — fresh, · · · old (after 300 hours of
aging at 130◦C). Resolution ∆ν = 4 cm−1, sample thickness: fresh - 114.00 µm,
old - 115.49 µm.

bon vibrations occur at standard wavenumbers. Nevertheless, the ratio between

the intensities of these bands has changed. The peak at 1453 cm−1 is low in-

dicating trace contents of simple alkane chains. Additionally, ethers, ketones,

sulfur and phosphorus compounds, which are Extreme-Pressure (EP) additives,

have been found. They contribute to the strong polyglycol band in the area

(1300-800) cm−1 with S-O2 asymmetric stretch at 1372 cm−1, 1343 cm−1 and

1087 cm−1. The minor peaks originate from esters, as anti-wear additives and

anti-oxidants [108, 109, 110, 111, 112, 38].

It is hard to state and classify the deterioration of the investigated oil samples

directly from comparison of the transmittance spectra. For this purpose, so

called subtraction spectra have to be calculated. First, transmittance spectra

have to be converted into absorbance spectra, which are then subtracted. In

Figure 5.54 subtraction spectra of all four oil samples are plotted for comparison.
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Figure 5.53: Comparison of transmittance spectra of PG-CLP oil recorded with
Thermo-Nicolet FTIR spectrometer: — fresh, · · · old (after 300 hours of aging
at 130◦C). Resolution ∆ν = 4 cm−1, sample thickness: fresh - 111.26 µm, old -
126.04 µm.

The spectra are shifted in y-direction for better clarity. At higher wavenumbers

(4000-3000) cm−1, no structural change of the lubricants is made apparent, ex-

cept in the PG-CLP oil. Strong, sharp lines, in the area of basic hydrocarbon

vibrations, arise from slight variations of sample thicknesses of all fresh and old

lubricants. For the same reason, a negative artificial band, in the spectrum of the

PAO-Ester oil, occurred at 1717 cm−1. For quantitative interpretation, a calibra-

tion of sample thicknesses is necessary, before calculation of subtraction spectra.

In the subtraction spectrum of the MTF oil, a growth of the oxidation peak at

1712 cm−1 is observed. It overlays a minor peak at 1625 cm−1. The products of

the oxidation identified on the basis of the C=O stretching, are aldehydes and ke-

tones. A row of negative bands at 1449 cm−1, 1374 cm−1 and 1362 cm−1 imply the

disposition of short alkane chains of the basic oil. The other small negative peaks

at 1111 cm−1 and lower, arise from the consumption of anti-oxidative amines.

As the structure of the ATF oil resembles that of the MTF oil, similar oxida-
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tive changes are expected. The subtraction spectrum of the ATF oil exhibits

an oxidation peak at 1717 cm−1 and a better separated peak 1675 cm−1. The

peak at 1675 cm−1 is caused by higher concentrations of ketones with aromatic

rings. There are no clear negative peaks of alkane decomposition in the area

(1500-1200) cm−1, due to the mostly saturated structure of the base oil and

its better thermal stability. The visible negative peak in the spectrum of the

PAO-Ester oil originates, as already mentioned, from different sample thicknesses.

Therefore no oxidative changes of this sample could be observed. Lastly, the sub-

traction spectrum of the PG-CLP oil is, as usual, characterized by C=O stretch

of aldehydes and ketones at 1727 cm−1. Additionally, a decomposition of the

polyglycol is visible as a growing band at 3500 cm−1. In the case of this oil

this decomposition is a better sign of the aging than the oxidation peaks. It has

been noticed that for all four lubricants the spectral area between 1730 cm−1 and

1710 cm−1 is a common range indicating oxidation changes. Observation of this

area should therefore be enough for the determination state of aging of a lubri-

cant. In order to check the sensitivity of the fiber-optic probe, the same samples

were measured with the ATR fiber-optic-probe.

OH

CH2
, CH3

Oxidation

Figure 5.54: Comparison of subtraction spectra of: a) MTF, b) ATF, c) PAO-
Ester and d) PG-CLP oils recorded with Thermo-Nicolet FTIR spectrometer.
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Figure 5.55: Comparison of ATR-fiber spectra of MTF oil recorded with Bruker
FTIR spectrometer: — fresh, · · · old (after 160 hours of aging at 130◦C). Reso-
lution ∆ν = 6 cm−1.

The ATR spectra were recorded with a Bruker IFS-66 FTIR spectrometer, as

described in section 5.2, at 6 cm−1 resolution, with 100 background and sam-

ple scans and using the Blackmann-Harris apodisation function. The spectral

range of the measurement set-up was limited by the fibers to (4000-1000) cm−1.

Background spectra were measured in air. The measured spectra, presented in

Figures 5.55-5.58 are similar to the transmittance spectra presented above. The

absorption bands are however significantly weaker and oxidative changes of the

samples are almost invisible. Therefore, similar to transmission measurements,

fiber-subtraction spectra have been calculated.

Fiber-subtraction spectra are plotted in Figure 5.59. They are shifted in

y-direction for better clarity. The fiber-subtraction spectra exhibit very small

disturbances in the area of main hydrocarbon chains, in comparison to the trans-

mittance spectra, due to the almost constant effective thickness for fresh and

old oil samples at measurement angles. The problem of the sample thickness

is thereby eliminated. The remaining small disturbances originate from slight
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Figure 5.56: Comparison of ATR-fiber spectra of ATF oil recorded with Bruker
FTIR spectrometer: — fresh, · · · old (after 300 hours of aging at 130◦C). Reso-
lution ∆ν = 6 cm−1.

Figure 5.57: Comparison of ATR-fiber spectra of PAO-Ester oil recorded with
Bruker FTIR spectrometer: — fresh, · · · old (after 300 hours of aging at 130◦C).
Resolution ∆ν = 6 cm−1.
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Figure 5.58: Comparison of ATR-fiber spectra of PG-CLP oil recorded with
Bruker FTIR spectrometer: — fresh, · · · old (after 300 hours of aging at 130◦C).
Resolution ∆ν = 6 cm−1.

changes of refractive indices of the samples. Two bands at 2361 cm−1 and

2335 cm−1 originate from different CO2 concentrations in the atmosphere of the

spectrometer between the measurements. In the area of (2200-2000) cm−1, strong

peaks, originating from Se-H vibrations of the fibers, occur. All fiber spectra ex-

hibit lower SNR values and lower amplitudes of the oxidation peaks than the

corresponding standard FTIR-subtraction spectra, but their existence is still ev-

ident.

Amplitudes of the oxidation peaks obtained in transmittance measurements are

much higher, but as already mentioned obtaining a good quality subtraction

spectrum from transmittance measurements demands a calibration of the sample

thickness. The values obtained in fiber-optic subtraction spectra are lower, but as

depicted in Figure 5.59, identification of the oxidation process is unquestionable.

It should be once again pointed out that this kind of measurement does not

demand any sample preparation and the disturbances originating from unequal

sample thicknesses are eliminated.
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Oxidation
CO2

SeH

OH

CH , CH2 3

Figure 5.59: Comparison of ATR-fiber-subtraction spectra of: a) MTF, b) PAO-
Ester, c) ATF and d) PG-CLP oils recorded with Bruker FTIR spectrometer.
Resolution ∆ν = 6 cm−1, 100 scans.

It has been proven that the ATR fiber-optic FTIR measurements have sufficient

sensitivity to detect an already aged lubricant. In order to find out how advanced

deterioration of an oil can be readily identified, two fresh lubricants were aged

in the laboratory. The samples were cooled down before measurements, in order

to protect the ATR crystal. The lubricants were delivered by Deutsche Shell

GmbH, which also conducted a standard laboratory analysis of the samples for

comparison.

5.3.2 Aging Monitoring

The first sample was Shell Cassida Oil, type EHF 5700/2. It was a hydraulic oil

enriched with detergents, HLPD - according to DIN 51524-2. One liter of the

oil was aged at 120◦C, in the set-up presented in Figure 5.40. The reaction was

catalyzed by Fe and Cu particles, Sigma-Aldrich. Once per week ten grams of

each metal powder were added to the oil. A total deterioration was observed after
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Table 5.10: Change of selected properties of Cassida oil, Deutsche Shell GmbH.

Time, Kinematic Viscosity Kinematic Viscosity Total Acid

days at 100◦C, mm2/s at 40◦C, mm2/s Number, mgKOH/g

fresh oil 6.750 45.81 0.23
21 7.038 49.32 0.33
35 7.137 51.02 0.52
50 7.179 62.30 0.82
73 7.942 60.99 1.31
84 8.912 62.36 2.60

Time, Dielectric Constant Refractive

days Index

fresh oil - -
21 2.22 1.4782
35 2.23 1.4768
50 - 1.4749
73 2.26 1.4790
84 2.32 1.4776

85 days of aging. In Table 5.10 results of standard laboratory tests, conducted

at Deutsche Shell GmbH, are collected. Both kinematic viscosities, measured at

40◦C and 100◦C, increased about 36 % and 32 %, respectively. The kinematic

viscosity at 40◦C exhibited a bigger change earlier than the kinematic viscosity at

100◦C. Similarly, the Total Acid Number and the dielectric constant increased. A

conventional limit of the usefulness of an oil is reached when the TAN reaches the

value of 2. This is the case of the last Cassida sample. Changes in the refractive

index have not shown any regularity. The above results must be complimented

with infrared spectra for a definite characterization.

Infrared spectra were measured both in transmission and with ATR-fiber-optic

setup. In both cases, collected transmittance spectra were converted to ab-

sorbance spectra. Subsequently a baseline correction of the spectra was con-

ducted. The Rubberband correction method with 250 correction points was ap-

plied. Then the resultant spectra were normalized to the range (0-100) %. The

resultant absorbance spectra, in the area (1900-1500) cm−1, are presented in Fig-

ures 5.60 and 5.61. The spectra do not exhibit any significant change for the
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Table 5.11: Values of amplitudes and areas of the oxidation peak of Cassida oil
calculated from its subtraction spectra.

Reaction time, Peak amplitude, Peak area,
days transm. at 1716 cm−1, transm. in [1785-1653] cm−1,

% % · cm−1

21 0.181 13.541
45 0.464 26.360
73 2.500 139.564
84 15.593 797.858

Reaction time, Peak amplitude, Peak area,
days fibers at 1715 cm−1, fibers in [1799-1649] cm−1,

% % · cm−1

21 0.168 11.251
45 0.441 23.243
73 0.724 39.221
84 1.512 82.032

samples aged 21, 35 and 50 days. From the 73 day old oil sample on, a rapid

growth of the oxidation peak occurred. This result agrees with the results of labo-

ratory analysis, which were carried out at Deutsche Shell GmbH [113]. According

to Deutsche Shell GmbH, the sample aged for 73 days, already exhibits strong ox-

idative changes and the oil aged for 84 days should already have been exchanged.

In order to conduct a quantitative comparison of transmission and ATR-fiber-

optic measurement techniques, subtraction spectra have been calculated. Values

of amplitudes and areas of the oxidation peak for both measurement techniques

are listed in Table 5.11. Integration limits for both types of subtraction spectra

are slightly different, but they were chosen according to the shape of the oxidation

peak. The differences are negligible and do not influence the results. From Table

5.11 it is evident that standard transmittance measurements are about 11 times

more sensitive than the ATR-fiber-optic measurements for Cassida oil.



124 5 Measurement Results

0

50

100

1500
1600

1700
1800

1900
0

5

10

15

20

25

Reaction tim
e, days

Wavenumber, cm−1

A
b

so
rb

an
ce

, %

Figure 5.60: Growing oxidation peak in absorbance spectra of Cassida oil,
recorded with Thermo-Nicolet FTIR spectrometer. Resolution ∆ν = 4 cm−1,
30 scans.
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Figure 5.61: Growing oxidation peak in absorbance spectra of Cassida oil,
recorded with Bruker FTIR spectrometer equipped with ATR-head and fibers.
Resolution ∆ν = 4 cm−1, 100 scans.
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The second sample was Shell Tellus Oil of the same type - EHF 5700/2. The

oil was aged at 125◦C. The reaction was catalyzed by Fe and Cu particles in

the way previously described. The total deterioration was observed after only 66

days of aging, what was caused by higher temperature. In Table 5.12 results of

standard laboratory tests carried out at Deutsche Shell GmbH are summarized.

The kinematic viscosity at 100◦C, the dielectric constant and the refractive index

exhibit similar initial values as the Cassida oil and the changes caused by the

oxidation are also comparable with changes of the Cassida oil. The initial value

of the TAN is twice as high as for Cassida oil. In the case of Tellus oil also

the refractive index has shown a regular change. The infrared spectra of Tellus

oil were prepared in the same way as in the case of the Cassida oil, plotted in

Figures 5.62 and 5.63. Values of the oxidation peak are listed in Table 5.13.

The spectra exhibit no change for samples up to the 56th day of aging. That

indicates a better stability in the operational life of the Tellus oil. Nevertheless,

after crossing a stability limit, the Tellus oil undergoes a more rapid deterioration

than the Cassida oil. In the Case of the Tellus oil the standard transmission

measurement exhibited over 3 times better sensitivity than the ATR-fiber-optic

measurement.
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Figure 5.62: Growing oxidation peak in absorbance spectra of Tellus oil,
recorded with Thermo-Nicolet FTIR spectrometer. Resolution ∆ν = 4 cm−1,
30 scans.
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Figure 5.63: Growing oxidation peak in absorbance spectra of Tellus oil,
recorded with Bruker FTIR spectrometer equipped with ATR-head and fibers.
Resolution ∆ν = 4 cm−1, 100 scans.
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Table 5.12: Change of selected properties of Shell Tellus oil, Deutsche Shell
GmbH.

Time, Kinematic Viscosity Kinematic Viscosity Total Acid

days at 100◦C, mm2/s at 40◦C, mm2/s Number, mgKOH/g

fresh oil 6.754 45.78 0.42
46 6.866 46.88 0.45
56 6.829 47.08 0.46
66 7.563 54.74 2.66
71 8.613 65.73 5.72

Time, Dielectric Constant Refractive

days Index

fresh oil 2.22 1.4781
46 2.23 1.4780
56 2.22 1.4782
66 - 1.4790
71 2.55 1.4798

In Figure 5.64 a course of the oxidation process, for transmittance spectra of

both Cassida and Tellus oil, is plotted for comparison. It shows that the oxida-

tion process in lubricants runs exponentially with time. As fit to the data, the

parameters of the exponential function in the form of:

y = y0 + a · exp

[

(x − x0)

b

]

(5.173)

are for Cassida oil: y0 = 0.313, x0 = 7·10−7, a = 5.52·10−6, b = 5.663 and for Tel-

lus oil y0 = -0.015, x0 = 5·10−5, a = 1.14·10−7, b = 3.76. Errors of the estimation

of the fitting parameters are negligible. Judging from both the transmittance and

the ATR-fiber spectra, the exchange-time of the oil can be estimated. In case of

the Tellus oil the exchange should take place after about 60 days of aging. In case

of the Cassida oil this should be done after about 75 days of aging. It must be

emphasized that the reaction conditions were extremely hard for the investigated

oils in order to accelerate the degradation process, and the oxidation process in

the real operating environment would take much longer. The illustrated strong

time dependence of oxidation indicates the difficulty of this estimation and the
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Table 5.13: Values of amplitudes and areas of the oxidation peak of Tellus oil
calculated from its subtraction spectra.

Reaction time, Peak amplitude, Peak area,
days transm. at 1716 cm−1, transm. in [1807-1650] cm−1,

% % · cm−1

46 0.063 0.661
56 0.236 6.244
66 4.784 271.704
71 18.063 1146.330

Reaction time, Peak amplitude, Peak area,
days fibers at 1715 cm−1, fibers in [1807-1650] cm−1,

% % · cm−1

46 0.097 3.055
56 0.096 1.634
66 3.202 183.502
71 5.640 342.660

necessity of the increased frequency of laboratory analysis of lubricants. In the

cases of both oils Cassida and Tellus, for the first samples measured slight changes

in all parameters were too uncertain basis for taking up a decision about the ex-

change of the oils. As well in case of infrared spectra, first spectral changes, which

could be unquestionably identified corresponded to already advanced oxidation.

It implies a necessity of an immediate exchange of the lubricants. Such immediate

reaction can be undertaken only when measurements are carried out on-line.

The conducted measurements proved a sufficient sensitivity of FTIR-ATR-fiber-

optic set-up as applied to on-line monitoring of the deterioration process of lu-

bricants. The sensitivity of the set-up was comparable with the sensitivity of

typical transmission measurements and another analysis methods. Nevertheless,

only significant deterioration of samples can be detected.



5.3.2 Aging Monitoring 129

Figure 5.64: Time dependance of the oxidation process of the Cassida and
Tellus oil according to transmittance subtraction spectra.



6 ATR Sensor

6.1 Principle of Operation

Measurements presented in the last chapter have proved the adequacy of the

FTIR-ATR-fiber-optic measurement technique to on-line monitoring of the aging

process of lubricants. Nevertheless, the application of the set-up used in the

presented thesis in industrial conditions is unpractical due to:

• the price of FTIR spectrometers

• the sensitivity of FTIR spectrometers to mechanical vibrations

• the price of IR-fibers

• poor mechanical stability of IR-fibers

• limited lengths of IR-fibers

• the liquid nitrogen cooling of MCT detectors

Due to these facts, research on development of a robust and a well-priced

ATR-IR sensor for on-line monitoring of aging of industrial lubricants have been

conducted. In Figure 6.65 a functional structure of the developed sensor is de-

picted. The sensor consists of:

• a PC equipped with PCI card

• software

• electronics

• optical bench

A detailed description of above components is presented in the next subsections.

The sensor is controlled by a specially written program in GUIDE (Graphical User

Interface Development Environment) of MatLab, which controls supply voltages
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of the optical bench, processes and visualizes collected data. The setting of power

supplies of the light source, the motor and the detector of the sensor, as well as

data collection follows in a PCI card. A National Instruments PCI-MIO-16E-4

was used.

Figure 6.65: Functional structure of the ATR-sensor.

6.1.1 Optical Bench

The optical bench of the developed sensor consists of a simple infrared light

source, two collimating mirrors, an ATR crystal, a specially designed filter-

chopper and a simple one-element pyroelectric detector. A size and a price of

the sensor was the criterion determining the components, which were chosen. A

schematic of the optical bench of the sensor is depicted in Figure 6.66 and a
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picture of the constructed prototype of the optical bench is shown in Figure 6.67.
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Figure 6.66: Schematic of the developed ATR sensor.
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Figure 6.67: Picture of the optical bench of the developed ATR sensor.

A Simple, low-power, infrared light source from Ion Optics, has been used. Con-

trary to typical spectroscopical light sources, the light source used, was a tung-

sten filament of a total length of 1 cm and operated at (600-800)◦C. Such a light

source do not require any additional cooling. The light source emitted a divergent

beam, which was collimated and directed to the ATR-crystal by a paraboloidal,

aluminium mirror providing a 1 cm diameter of the final beam. The ATR crystal

has been purchased from Crystal GmbH. It was made of ZnSe, which exhibits

similar optical properties to ZnS crystal, which has been previously used in FTIR-

ATR-fiber-optic measurements. The refractive index of the crystal nc was 2.43.
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This provides comparable effective thicknesses to the thicknesses simulated in

chapter 5 and with that comparable signals as these obtained with ZnS crystal.

The crystal was trapezoidally shaped with dimensions (72mm x 10 mm x 6 mm)

and exhibited a total of ten internal reflections on both side-surfaces. Only five

reflections contributed to the measured signal, due to the fact that only one side

of the crystal was in a contact with a sample. After passing through the crys-

tal, the attenuated light was further directed to the filter-chopper. Behind the

filter-chopper a second paraboloidal mirror was placed. It focused the beam on

the active area of the pyroelectric detector. Two functions of the filter-chopper

are: firstly, the modulation of the light, which is necessary due to the kind of the

detector used and secondly, the determination of the investigated wavelengths.

As mentioned in chapter 5, pyroelectric detectors, which are sensitive only to AC

components of radiation, require an additional modulation of the light. This is

usually obtained by a pulsed operation of light sources or by the use of choppers.

In the developed sensor, the light source operates in constant voltage mode and

signals are modulated by the filter-chopper. The second function of the filter-

chopper was fulfilled by the use of narrow-band infrared filters transmitting at

5.00 µm (2000 cm−1) and 5.84 µm (1712 cm−1), L.O.T Oriel. The definition of

a narrow-band infrared filter comprises filters with FWHHs of maximum 5 % of

the nominal wavelength. The filters transmitting at 5.84 µm delivered the sig-

nal corresponding to the oxidation peaks in FTIR spectra. The absolute value

of the oxidation signal was gained after its comparison with a reference signal

collected with the use of filters transmitting at 5.00 µm. At this wavelength

no spectral changes of lubricants occur. Transmittances of the filters were on

the order of (60-80) %. The sample transmittances of the chosen narrow-band

infrared filters and a sample transmittance spectrum of a lubricant measured

with a Thermo-Nicolet FTIR spectrometer are illustrated in Figure 6.68. From

Figure 6.68 it is evident that the transmittance of the filter delivering the refer-

ence signal is much higher than the transmittance of the other filter.

The novel feature of the filter-chopper was the arrangement of the filters in the

chopper wheel. Both kind of filters were used simultaneously; three filters trans-

mitting at 5.84 µm and two transmitting at 5.00 µm. The spatial distribution
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Figure 6.68: Spectrum of a sample oil and used narrow-band infrared filters
transmitting at λ1 = 5.00 µm (2000 cm−1) - reference and λ2 = 5.84 µm
(1712 cm−1) - oxidation.

of filters in the chopper wheel enabled collection of reference and sample signals

within one measurement cycle. Usually, the collection of both signals demands

one of following:

• two separate measurements, each at only one wavelength of interest

• two measurement paths with fixed filters

• special pyroelectric detectors with once for all sealed beam-splitter and
filters

None of above solutions provides errorfree measurements. In the fist case, two

separate measurements must be compared, while measurement conditions do not

remain unchanged. Additionally, the exchange of the filter between the mea-

surements introduces significant errors. In the second case, the construction of

two perfectly similar measurement paths is almost impossible and the costs of

the equipment are doubled. The best solution providing the best measurement

accuracy is the last one. The detectors are, however, more expensive due to the
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built in beam-splitter and the filters. The built in optics also reduces the field

of application of such detectors. The developed filter chopper eliminates possible

sources of measurement errors due to the fact, that reference and sample signals

are collected simultaneously. Thus, both signals contain the same, easily remov-

able noise. An advantage is also the necessity of only one measurement path and

the use of a simple pyroelectric detector. Additionally, the filters in the filter-

chopper are flexibly mounted and their exchange is any time possible. Thus,

the sensor can be easily adapted to investigations of other fluids in industrial

conditions. That broadens significantly the field of application of the developed

ATR-sensor. A schematic of the filter-chopper and the induced modulation of the

signal is shown in Figure 6.69. As already mentioned, two filters, F1 delivering

the reference signal S1 (at 5.00 µm) and three filters F2 delivering the oxidation

signal S2 (at 5.84 µm) were not uniformly arranged in the chopper-wheel. The

spatial distribution of the filters provided different frequencies for signals S1 and

S2, as shown in Figure 6.69. The difference in the amplitudes of signals S1 and S2

originate from different transmittances of the infrared filters used, as illustrated

in Figure 6.68, as well as from the radiant distribution according to Planck’s

radiation law at the temperature of operation.
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Figure 6.69: Schematic of the designed filter-chopper with distinguished filters
F1 and F2, and the course of the modulated signal containing components S1
and S2 corresponding to the filters F1 and F2, respectively.

A spectral information is won from the measured signal through a calculation of

a power spectrum of the measured signal. According to Fourier Theorem, each

signal f(x) can be expressed in a form of Fourier Series:

f(x) =
a0

2
+

∞
∑

n=1

an cos nx +
∞

∑

n=1

bn sin nx (6.174)
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where coefficients a0, an and bn are related to the given function f(x) by integrals:

an =
1

π

∫ 2π

0

f(t) cos ntdt (6.175)

bn =
1

π

∫ 2π

0

f(t) sin ntdt (6.176)

Thus, the determination of frequency components of a signal f(x) follows through

the calculation of the Fourier Transform of this signal. According to the linearity

theorem, if a measured signal f(x) is a sum of two other g(x), h(x) the Fourier

Transform of f(x) is given by:

F (ω) = z (f(x)) = z (mg(x) + nh(x)) = mG(ω) + nH(ω) (6.177)

where F (ω) is a Fourier Transform of the total signal, G(ω), H(ω) are the Fourier

Transforms of components g(x) and h(x), respectively and m, n are optional

coefficients. Thus, the components g(x), h(x) are distinguishable in the fourier

spectrum of the signal f(x).

The spatial distribution of the infrared filters in the developed filter-chopper

provides different frequencies of single signals S1 and S2. These frequencies are

chosen so that if the chopper wheel rotates with the frequency ω = 2πf0, then the

main component of the signal S1 occurs in the fourier spectrum at the frequency

f01 = 2f0 and the main component of the second signal occurs at the frequency

f02 = 3f0. Additionally, the spatial arrangement of the filters provides that in the

frequency range (0,3f0) no higher harmonics of the signal S1 occur. In this way

clear first components of each signal S1 and S2 are observable. In the frequency

range above 3f0 the higher harmonics of the signals S1 and S2 can overlay, but

their observation is unnecessary. In order to interpret the results, the ratio of

amplitudes of the main components A(f01) and A(f02) is calculated. Aging of

lubricants reveals in an increase of this ratio as the second component A(f02)

decreases. The decrease of the second component is connected with the increase

of the oxidation peak and with that a decrease of the total light intensity measured

at 5.84 µm. In practice valuable information about a signal is shown by its Power
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Spectrum PS, which is calculated from a Fourier Transform according to:

PS =
F (ω)F ∗(ω)

N
=

|F (ω)|2
N

,W (6.178)

where N is the number of transformation points. In some cases a Power Spectral

Density PSD is also calculated:

PSD =
PS

fs

,W/Hz (6.179)

PSD is thus a power spectrum normalized to the sampling frequency fs. An

example of a measured signal and its power spectral density are presented in

Figure 6.70. From Figure 6.70 a) it is evident that measured signals are low

frequent, which is characteristic for pyroelectric detectors. Thus, relatively long

measurement durations in comparison to FTIR measurements are necessary. In

Figure 6.70 b) first components of the signals S1 → F1 and S2 → F2 are marked.

It is visible that these components are clearly separated and can be surely iden-

tified.
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a)

b)

Figure 6.70: Example of the modulated signal a) and its power spectral density
b). f0 = 0.665 Hz, f01 = 1.33 Hz and f02 = 1.995 Hz.
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Figure 6.71: Power supply of the developed ATR sensor.

6.1.2 Signal Conditioning

The whole sensor is supplied with a standard 220 V AC net voltage. This supplies

the light source, the detector, the motor of the filter-chopper and the signal

conditioning unit. All above listed components require different, low DC voltages.

These are provided by a power supply unit converting 220 V AC to required low

DC voltages. This power supply unit is depicted in Figure 6.71. It is a circuit

based on transformers and full-wave rectifiers providing sufficiently constant DC

voltages. 24 V DC is necessary to supply the motor of the filter-chopper, the

signal conditioning unit requires a ± 12 V DC supply voltage and the light source

require maximum 4 V DC.

Two small infrared radiators, Ion Optics, were tried as light sources. The

NL8NLC radiator is a simple tungsten filament enclosed in a TO-8 windowless
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package providing emission angles of up to 40◦. The package of the second ra-

diator, ReflectIR, possesses additional built in reflectors collimating the output

radiation in order to reduce the emission angles to 15◦. Smaller emission an-

gles simplify the adjustment of the remaining optical components of the sensor.

Both radiators are enclosed in windowless packagings. The radiators are specially

designed in order to provide a high emissivity at low operating temperatures,

(600-800)◦C. They are connected in series with a 3.3 Ω balast resistance and sup-

plied with 3.6 V DC in the case of ReflectIR and 4 V DC in the case of NL8LNC.

The supply voltages provide a sufficient emissivity of the light sources at min-

imum temperature i.e. provide long operation. The particular supply voltages

were established in FTIR measurements with Thermo-Nicolet spectrometer. The

function of the balast resistance is to convert a constant voltage (CV) drive into

a constant power (CP) drive and with that to provide constant emissivity over

a wide range of supply voltages. A load resistance of the ReflectIR radiator is

3.5 Ω and a load resistance of the NL8LNC is 3.2 Ω. That implies power consump-

tions of 0.897 W and 1.212 W for ReflectIR and NL8LNC, respectively. Because

of the pre-collimated output of the ReflectIR radiator, higher signal levels have

been obtained with this light source. Due to this fact, and because of the lower

power consumption, below presented measurements have been conducted with

this radiator.

The signal is collected by a single-element pyroelectric detector, type LT-I Q2,

DIAS Angewandte Sensorik GmbH. The sensitive element of the detector was

made of LiTaO3 and covered by antireflection coatings increasing the efficiency

of the detector. The detector was sealed in a TO-39 housing with a germanium

window. The nominal parameters of the detector are:

• Responsivity: R > 250 V/W, (40 times smaller than for MCT detector)

• Noise Voltage: Vn < 80 nV/
√

Hz

• Detectivity: D∗ > 8·108 cm
√

Hz/W, (4·1010 cm
√

Hz/W for MCT detector)

• sensitive area: A = 4 mm2

The sensitivity and the detectivity of the used detector are much lower than

the corresponding parameters of the MCT detector used in previously presented
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Figure 6.72: Signal conditioning unit of the developed ATR sensor.

spectroscopic measurements, chapter 5. The detector possesses a built in FET-

transistor providing high and stable signals at the output of the packaging. The

detector was operated in voltage mode. The signal is gained at the source of the

FET. Directly behind the detector a simple current source is placed consisting of

a bipolar transistor and an LED providing stable working conditions of the next

amplifying stage. The amplification of the signal is obtained with the use of two

low noise operational amplifiers AD743 designed especially for low-noise infrared

sensing applications. The amplifiers are connected in a non-inverting mode. The

total gain of the circuit is 825 and the passband of the circuit is (1-10000) Hz.

At low frequencies it is limited by a high pass filter eliminating the DC offset

of the signal and at high frequencies by a capacitor in the feedback loop of the

amplifiers. The signal is further processed by a National Instruments PCI card,

PCI-MIO-16E-4. The amplifying circuit of the detector is shown in Figure 6.72.
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6.1.3 Measurement Software

As already mentioned, the sensor is controlled by a program written in the GUIDE

(Graphical User Interface Development Environment) of MatLab. GUIDE en-

ables creating graphical interfaces simplifying a control of measurements. Be-

hind the user panel of the program, a standard MatLab file containing the ac-

tual program code is hidden. A user panel of the written program is shown in

Figure 6.73. The program communicates with the PCI card, setting the power

supplies of the optical bench and controlling the measurement. In the parameter

section of the program, measurement parameters such as: sampling rate, peak

detection level, noise level and the measurement duration are set. First, the pro-

gram sets the supply voltages of the light source, the motor and the electronics.

A measurement begins after a one minute delay, which is necessary to obtain

constant working conditions of the detector and the electronic circuit. Next, a

background signal without the light source is collected. The background signal

varies with the temperature of the light source, the temperature of the sample and

the temperature inside of the housing of the sensor. These temperature variations

influence the accuracy of the measurement and require an additional correction.

The correction algorithm uses the values of PSD of a background collected before

BB and after BA a sample measurement:

(

A(f01)

A(f02)

)

corr

=
2A(f01) − BB(f01) − BA(f01)

2A(f02) − BB(f02) − BA(f02)
(6.180)

The measured signal, its power spectrum and the ratio of the amplitudes are

visualized in the central part of the user panel of the program. The exact values

of peak amplitudes are displayed in the lower part of the user panel. A maximum

of seven single measurements can be made. Each form of the signal can be

separately saved or magnified in the central window. The program also enables

processing of data collected with other devices as long as it is saved in standard

ASCII format.
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Figure 6.73: User panel.

6.2 Measurement Results

The measurements have been conducted with the same oil samples as the static

and on-line spectroscopic investigations described in the previous chapter: MTF,

ATF, CLP, PAO-Ester (AXLE), Cassida and finally Tellus oil. The measurement

parameters were: a delay of 60 s, a measurement duration of 60 s, a sampling

rate of 1000, a chopping frequency of f0 = 0.665 Hz, the number of transforma-

tion points 200000. Three measurement durations were checked: 30 s, 60 s and

120 s. For all of them no difference in the accuracy of measurements has been

observed. Thus, if faster measurements are necessary the measurement duration

can be shortened. The frequency of the filter-chopper was chosen to obtain visi-

bly separate components S1 and S2 in the time signal. Increase of the frequency

up to about 4 Hz does not influence the results due to the fact, that the detector

responsivity in the low frequency range is constant. Above 4 Hz a slight decrease

of the detector responsivity is observed. The low frequency of the filter-chopper
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defines the duration of a single measurement. The measurements have shown,

that it is impossible to judge the condition of the oil from such a single measure-

ment. A series of repeated measurements must be conducted and averaged. That

corresponds to averaging of single scans in FTIR spectroscopy. For the investi-

gated oils, 35 measurements of both fresh and aged oil were always conducted. It

corresponds to 30 scans in measurements conducted with Thermo-Nicolet FTIR

spectrometer and 100 scans in measurements carried out with ATR-fiber-optic

probe, which were presented in the last chapter. The number of single measure-

ments and the duration of the measurement determine the duration of the whole

process. This is on the order of tens of minutes, which is significantly longer than

duration of any FTIR measurement. Nevertheless, for industrial application such

measurement durations are more than sufficient.

The final measurements were conducted in laboratory. The samples were brought

to the sensor and exchanged between measurements. First, fresh oil samples were

placed at the surface of the ATR-crystal and the signal was measured. Afterwards,

the crystal was cleaned and aged oil samples were placed. In all measurements,

the background correction was made using the algorithm 6.180. The background

correction eliminated the measurement outliers caused by different temperatures

of the environment between measurements. The effect of the background correc-

tion is illustrated in Figure 6.74. In Figure 6.74 a) a plot of uncorrected signal

measured for the MTF oil is shown and in Figure 6.74 b) its corrected version.

The final results are plotted in Figures 6.75-6.77. They agree entirely with the

results obtained with both FTIR spectrometers. The MTF and CLP oils exhibit

a progressed state of oxidation, which is directly seen from the curves. As men-

tioned previously, a final conclusions can be drown after comparison of the mean

values of a measurement series and its standard deviations. The mean values and

standard deviations for MTF and CLP oils are listed in Table 6.14. In both cases

the difference in mean values of fresh and aged oils is bigger than the standard

deviation of a measurement series. For ATF and AXLE oils this is not observed.

These results were to expect after FTIR measurements, though in the case of

ATF oil its slight degradation were observed in FTIR subtraction spectra.

In Figures 6.78 and 6.79 the measurement results for Tellus and Cassida oil sam-
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Figure 6.74: The effect of the background correction of the signal measured for
the MTF oil. The upper plot illustrates the uncorrected signal. The lower plot
illustrates the signal after the background correction.
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Figure 6.75: Signal measured for fresh and aged ATF oil.

Figure 6.76: Signal measured for fresh and aged AXLE oil.



6.2 Measurement Results 147

Figure 6.77: Signal measured for fresh and aged CLP oil.

ples are plotted. Each point on the plot is an average from 7 single measurements.

Also these results agree with results obtained from spectroscopic measurements.

The Tellus oil exhibited stronger degradation already for the sample aged 66 days.

In Figure 6.78 the signals measured for the fresh, 46, 56 and 66 days old Tellus

oil are shown. Similarly to FTIR-ATR-fiber-optic investigations Tellus oil does

not exhibit any qualitative change for inclusively 56 days old sample. The signal

change for the 66 days old sample is however, significant and with that the deteri-

oration of this lubricant identified. In the case of Cassida oil the fiber-subtraction

spectra have not exhibited strong degradation even for 84 days aged sample. This

is proven by the sensor results, which exhibit very slight difference of the signal

for the 84 days old oil sample. Nevertheless, comparing the mean values and stan-

dard deviations of the measurement series, even in this case the differentiation

between the fresh and the aged oil can be made. Thus, the sensitivity of the de-

veloped ATR-sensor compares with the sensitivity of the FTIR-ATR-fiber-optic

set-up.

The above presented measurements proved the applicability of ATR techniques

to on-line infrared investigation of the aging of lubricants. The developed sen-

sor delivered comparable information with FTIR-ATR-fiber-optic measurements.
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Figure 6.78: Signal measured for fresh and aged Tellus oil.

Figure 6.79: Signal measured for fresh and aged Cassida oil.
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Table 6.14: Mean values and standard deviations of signal amplitude ratios
A1/A2 measured with the ATR sensor.

Sample MTF ATF CLP AXLE

Mean A1/A2 (fresh) 0.95738 1.02538 0.95047 1.10813
Std. dev. (fresh) 0.01214 0.02572 0.02280 0.02858

Mean A1/A2 (old) 0.99246 1.01501 1.00874 1.12344
Std. dev. (old) 0.01499 0.01795 0.02808 0.02790
|∆(Mean)| 0.03508 0.01037 0.05827 0.01531

Table 6.15: Mean values and standard deviations of signal amplitude ratios
A1/A2 measured with the ATR sensor for Tellus and Cassida oil.

Cassida Tellus

Age Mean A1/A2 Std. dev. Age Mean A1/A2 Std. dev.

0 0.90953 0.01392 0 0.90184 0.00804
21 0.90188 0.00957 46 0.89881 0.00469
50 0.90976 0.00589 56 0.89757 0.00866
73 0.92059 0.00911 66 0.96407 0.00872
84 0.94585 0.00599 - -

Nevertheless, the measurement accuracy should be further improved. One option

to increase the accuracy is the application of a stronger light source to deliver

higher signals. Additionally, measurements with hot oils samples and the com-

pensation for the temperature of the samples must be made. Finally, the sensor

must be checked in industrial conditions.
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The aim of the presented thesis was to test the applicability of the adaptation of

infrared measurement techniques to on-line oil aging monitoring. As mentioned

in the introduction, the monitoring of the quality of used lubricants is presently

carried out in commercial laboratories. This analysis is connected with a series

of disadvantages among which the most important are the lengthy time intervals

between the analyses threatening with expensive failures of devices. Therefore

the on-line analysis of lubricants comprising several measurements, with one of

those being infrared spectroscopy, is necessary. This analysis must however deal

with the problems of the instable measurement conditions for example temper-

ature, strong vibrations and an industrial environment. Access to the lubricant

samples while in use can be provided by infrared fibers. Therefore, it was first

necessary to check the applicability of standard FTIR spectrometers equipped

with modern chalcogenide glass fibers and ATR crystals. Advantages of this

measurement set-up are the commercial availability of all components, the high

sensitivity of the set-up, the wide infrared spectral range enabling observation

of complex chemical changes of samples and the duration of the measurement.

As the wide spectral range and the short duration of the measurement are un-

doubtedly positive features, the sufficient sensitivity and the long-time stability

of the set-up were not obvious and needed to be proved. The sensitivity of the

FTIR spectrometer was limited by the chalcogenide glass fibers and the ATR

ZnS crystal, where a strong attenuation of the light took place. This resulted

in very small signals demanding the use of an extremely sensitive MCT liquid

nitrogen cooled detector. This type of detector cooling presents a serious obsta-

cle for an industrial application of the set-up, but it can be overcome by the use

of Peltier-cooled MCT detectors. This type of cooling delivers somewhat higher

operating temperatures, which adversely effect the sensors. Whether or not the

remaining sensitivity is adequate must be investigated. The sensitivity of the
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used FTIR-ATR-fiber-optic set-up has been evaluated on four lubricant samples.

The samples were measured with the standard FTIR-transmission technique and

subtraction curves have been calculated. The results of FTIR-ATR-fiber-optic

investigations have been prepared in the same way and the subtraction spectra

compared with the spectra obtained in transmission measurements. Although

the observed spectral changes were quantitatively smaller, the qualitative infor-

mation agreed fully with the standard transmission measurements. The commer-

cial availability of the components of the FTIR-ATR-fiber-optic set-up also has

a disadvantage in the form of the price. The components, which were used have

cost 140,000 Euro. With case of such high prices, only a long time stability of

components can justify their use. This stability can however, not be guaranteed,

due to the mechanical instability of the chalcogenide fibers and the sensitivity

of the FTIR spectrometer to mechanical vibrations. Moreover, the vibrations

of the set-up during a measurement can also introduce additional spectral noise

destroying the sensitivity of the set-up. Another unexpected problem occurred

in a form of the thermal instability of the ZnS ATR crystal making extended

reaction monitoring impossible. The proposed diamond crystal, being chemically

inert, is a solution for this problem, but its use is connected with additional cost

and decreased spectral sensitivity. For all these reasons it has been stated, that

an FTIR-ATR-fiber-optic set-up is applicable for extremely sensitive on-line in-

vestigations taking place in laboratory conditions. For industrial applications,

a more robust and cheaper solution must be found. This solution is the devel-

oped ATR-sensor. The sensor consists of a minimum of optical components and

a minimum of moving parts. That improves its mechanical stability and allows

the operation in industrial conditions. The price of the sensor does not exceed

5,000 Euro, which is an obvious advantage in comparison to the FTIR-ATR-

fiber-optic set-up. The novel filter-chopper enables reference and sample signals

to be simultaneously collected providing low noise levels and faster measurements.

Some disadvantages of the sensor are the measured spectral range (actually lim-

ited to one wavelength), the duration of the measurement and the decreased

sensitivity when compared to standard FTIR transmission measurements. The

sensitivity of the sensor is comparable with this of the FTIR-ATR-fiber-optic set-

up. In the case of the sensor, the sensitivity is determined by the responsivity of
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the detector and the transmittances of the infrared filters, which transmit only

(60-80) % of the total radiation. The intensity of the measured signal is partially

compensated by larger number of internal reflections in the ATR crystal than

in the case of the FTIR-ATR-fiber-optic set-up. The investigated wavelength is

defined by the use of narrow-band infrared filters, which limit the applicability

of the sensor to the investigation of a specifically strictly defined deterioration

process. On the other hand, a simple exchange of the filters enables the use of the

sensor in each application, where fluids in industrial conditions are monitored.

The duration of the measurement is also defined by the pyroelectric detector.

Pyroelectric detectors being most sensitive in a low frequency range, demand the

duration of a measurement on the order of tens of seconds. Therefore, similar to

FTIR measurements an average from at least 30 measurements is necessary in

order to obtain reliable results. That implies total measurement durations on the

order of tens of minutes. For industrial conditions this is still more than sufficient.

The performance of the constructed prototype was checked on the same lubri-

cants samples as the FTIR-ATR-fiber-optic set-up and the obtained results are

more than satisfactory. With both set-ups deteriorated lubricant samples were

clearly identified. Thus, the constructed sensor fulfilled all the requirements. In

order to further improve the performance of the sensor, more research on the

sensitivity, on the accuracy, measurements of hot oil samples and measurements

in industrial conditions must be carried out.
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a0, an, bn Fourier coefficients

c Speed of light or concentration of a sample

de Effective thickness

dF Diameter of a light source (collimating aperture)

dp Penetration depth

f Focus length

∆f Frequency band

g Photon gain

h Planck’s constant
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n Vibrational quantum number or refractive index
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r Amplitude reflection coefficient
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B Wien’s constant

B(ν) Spectrum
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BA Background after

BB Background before

Cth Thermal capacitance

D Detector detectivity

D∗ Normalized detector detectivity

E Energy

Eg Energy band-gap

F1 Filter 1

F2 Filter 2

F (ω) Fourier transform of f(x)

G Generation rate

Gth Thermal conductance

I Light intensity

I(δ) Interferogram

Iph Photocurrent

J Bessel function of the first art or rotational quantum number

K0 Modified Bessel function

Le Radiance

Le(ν) Spectral radiance

LeD(ν) Spectral radiance measured at detector

LeT (ν) Spectral radiance transmitted by a sample

Leη(ν) Spectral radiance emitted by a sample

Me Radiant exitance (emittance)

Me(ν) Spectral radiant exitance

N Noise power

Neff Effective refractive index of a fiber

Ns Number of collected data points

P Internal polarization of a material

Qe Radiant energy

R Reflectivity or the radial part of the wave function or recombination rate

Rth Thermal resistance

RV Detector voltage responsivity

S Poynting’s vector
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S1 Signal 1

S2 Signal 2

T Transmittance or temperature

Tcorr(ν) Corrected transmittance

Tmeas(Ti, ν) Transmittance measured at temperature Ti

Vc Eigenvector (factor, principal component)

Vn Detector noise

Weν(ν, T ) Spectral distribution of the radiant energy

α Absorption coefficient

αmax Maximum half-angle passed through an interferometer

β Propagation constant

δ Retardation (OPD)

δmax Maximum retardation

ε Molar absorptivity of a sample

ε0 Permittivity of vacuum

ε(λ, T ) Emissivity of a light source

η Quantum efficiency

η(ν) Emission coefficient

θc Critical angle

θD Throughput

θi Incidence angle

θr Reflection angle

θt Refraction angle

θν Phase shift

λ Wavelength

λc Cut-off wavelength

λp Peak wavelength

µ Permeability

~µ Dipole moment

ν Frequency

ν Wavenumber

νmax Maximum measured wavenumber
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∆ν Resolution of an FTIR spectrum

ξ Efficiency

σ Stefan-Boltzman’s constant

τe Electrical time constant

τth Thermal time constant

ω Angular frequency

∆ Normalized core-cladding index difference

Φe Radiant power (radiant flux)

Φe(ν) Spectral radiant power

Ψ Wave function

Ω Solid angle

Ωmax Maximum tolerated solid angle
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AN Anti-wear

ATF Automatic Transmission Fluid

ATR Attenuated Total Reflectance

a.u. Arbitrary Units

BA Background After

BB Background Before

CLP a class of mineral oils with improved corrosion, aging and wear resistance

CLS Classical Least Squares

DTGS Deuterated Triglicine Sulfate

EDX Energy Dispersive XRF

EP Extreme Pressure

FET Field Effect Transistor

FTIR Fourier-Transform-Infrared

FWHH Half Width at Half Height

GUIDE Graphical User Interface Development Environment

HLPD Hydraulic oil enriched with detergents

HMFG Heavy Metal Fluoride Glass

ILS Instrument Line Shape or Inverse Least Squares

IR Infrared

LED Light Emitting Diode

MCT Mercury Cadmium Telluride (HgCdTe)

mid-IR Middle Infrared

MLR Multiple Linear Regression

MTF Manual Transmission Fluid

N.A. Numerical Aperture
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NEP Noise Equivalent Power

OPD Optical Path Difference

PAO Polyalphaolefine

PC Polycrystaline or Personal Computer

PCI Personal Computer Interface

PCR Partial Component Regression

PG Polyglycol

PLS Partial Least Squares

PS Power Spectrum

PSD Power Spectral Density

PTFE Polytetrafluoroethylene

r.m.s. Root Mean Square

SC Single Crystal

SNR Signal to Noise Ratio

Std. Dev. Standard Deviation

TAN Total Acid Number

TBN Total Base Number

VB Visual Basic

VI Viscosity Index

VT Viscosity-Temperature Characteristics

XRF X-Ray Fluorescence Analysis

ZDDP Zinc Diethyl Dithiophosphate
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