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influence on the viscoelastic character of the wet coating color by altering the manner in which various ingredients of a 
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coating speeds may also be achieved, which was indeed the initial interest of this study. Secondly, there seems to be a 
link between blade bleeding/extrusion and the slip boundary within the color. One possible mechanism for lubricant 
function may well be their ability to reduce friction and increase slip at the blade boundary, thus preventing bleeding and 
dry stalagmite formation at the blade tip from occurring.
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Tämän diplomityön tarkoituksena on selvittää voiteluaineiden merkitystä paperin pigmenttipäällystyksessä. 
Alkuperäisenä tavoitteena oli osoittaa, että voiteluaineiden avulla voidaan nostaa päällystysnopeuksia 
päällystyskoneella. Voiteluaineiden vaikutuksen mielekäs tutkiminen käytössäni olleella laitteistolla osoittautui 
kuitenkin jo esikoevaiheessa toivottomaksi tehtäväksi. Niinpä kokeellinen osa päätettiin jättää kokonaan pois tästä 
diplomityöstä, ja sen sijaan toteutettiin mahdollisimman monipuolinen ja perusteellinen teoreettinen tarkastelu 
aiheesta. Toivonkin, että tähän kirjallisuustyöhön usean eri tekniikan alalta kokoamani tieto ja siitä tekemäni 
johtopäätökset voisivat innostaa muita aiheesta kiinnostuneita tutkijoita analysoimaan tarkemmin voiteluaineiden 
toimintamekanismeja ja tähän tietoon perustuen kehittelemään kokonaan uusia voiteluaineita.

Voitelua tapahtuu pigmenttipäällystyksen yhteydessä kahdessa eri faasissa: nestemäisessä päällystyspastassa sekä 
kiinteässä, jo kuivuneessa (tai puolikuivassa) päällysteessä. Päällystyspastassa esiintyvä voitelu on luonteeltaan joko 
hydrodynaamista tai sitten ns. rajavoitelua riippuen siitä, riittääkö päällysteen sisältämä vesimäärä erottamaan pastassa 
olevat pigmentit toisistaan kokonaan vai vain osittain. Kummassakin tapauksessa voiteluaineilla on eniten merkitystä 
päällystyspastan viskoelastisille ominaisuuksille. Kuivassa päällysteessä tapahtuva voitelu voi olla luonteeltaan 
rajavoitelua päällysteen ollessa kosketuksissa prosessilaitteistoon, tai sitten elastohydrodynaamista voitelua esim. 
superkalanteroinnin yhteydesssä , jolloin kovat telapinnat ovat kosketuksissa elastisten telapintojen ja paperin niin 
ikään elastisen päällysteen kanssa. Molemmissa tapauksissa kosketuspinnassa vaikuttava voiteluainekalvo alentaa 
kitkaa kyseisten pintojen välillä. Voiteluaineet vaikuttavat siten päällysteessä olevien komponenttien keskinäiseen 
järjestymiseen kuivatuksen ja superkalanteroinnin aikana. Tämä ilmenee sekä prosessilaitteiden parempana 
ajettavuutena että optisten ominaisuuksien paranemisena valmiissa paperissa.

Synteesinä näille kirjallisuudesta löytämilleni tiedoille olen hahmotellut joitakin suuntaviivoja, joiden perusteella 
voidaan arvioida eri aineiden soveltuvuutta voiteluaineiksi pigmenttipäällystyksessä: Tehokkaan voiteluaineen tulisi 
adsorboitua voideltavaan pintaan joko kemiallisesti tai fysikaalisesti vähentäen pintojen välistä kontaktialaa ja siten 
myös adheesiota. Voiteluainemolekyylien välillä vaaditaan myös korkeita koheesiovoimia. Molekyylien ketjunpituus 
pitää optimoida, jotta saavutetaan veteen liukenemattomuus yhdessä alhaisen viskositeetin kanssa. Lisäämällä 
voiteluaineeseen orgaanisia rikkiyhdisteitä voidaan parantaa sen suorituskykyä korkeissa paineissa ja lämpötiloissa. 
Lisäksi olen esittänyt uusia hypoteesejä voiteluaineiden toimintamekanismeista erityisesti teräpäällystyksen 
yhteydessä: Voiteluaineet voivat kääntää kriittisissä oloissa viskoelastisen päällystyspastan tasapainon elastisesta 
viskoottiseen suuntaan ja siten mahdollistaa päällystyspastan ajettavuuden vielä hyvin korkeissakin kuiva- 
ainepitoisuuksissa (кар). Korkea кар mahdollistaa myös suuret päällystysnopeudet, mikä olikin tämän työn 
alkuperäisenä mielenkiinnon kohteena. Toiseksi, päällystysterän alla tapahtuvan ekstruusion (ns. terävuoto) ja 
päällystyspastassa esiintyvän ns. liuku vyöhykkeen välillä näyttäisi olevan jonkinlainen yhteys. Yksi mahdollinen 
mekanismi voiteluaineiden toiminnalle onkin se, että ne alentavat kitkaa ja parantavat liukua päällystyspastan ja terän 
välillä, jolloin terävuoto ja ns. teräparran muodostuminen päällysfysterällä eliminoituvat tai ainakin vähenevät.
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Pigmenttipäällystys, voiteluaine, stearaatti, tribologia, kitka, voitelu, reologia, englanti
viskoelastisuus, pölyäminen, ajettavuus, päällystysnopeus
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1. INTRODUCTION

The use of lubricants in pigment coating is almost as old a tradition as coated paper 

manufacture itself. Pigment coating, on the other hand, is a rather new application within the 

long history of papermaking. As the coated paper market developed in the Thirties, the nature 

of paper coating was highly experimental. To some extent it has remained so to our days. This 

applies especially well to paper coating lubricants.

Identifying the exact function of lubricants is extremely difficult. There seems to be no 

general agreement on the role of lubricants in pigment coating. However, some common 

features for paper coating lubricants can be listed: According to Ward /1/ a coating lubricant 

must be of uniform composition and it must be ready for use with no further mixing problems. 

Furthermore, it must be stable when blended with coating color and it must not increase 

viscosity of the coating to which it is added. The lubricant should remain in the coating to be 

effective during the calendering operation. It should not be water-soluble but must be 

dispersible in the coating color. It should not be melted in the heat of the dryers. The lubricant 

should function throughout the entire coating process from the preparation of the coating to 

the finishing operations.

The effect of lubricants may be best evidenced by increased surface smoothness and gloss - 

and reduced dusting - especially in supercalendered grades. Even these benefits may be 

difficult to notice, because lubricants are often used as quality insurance. If the operating 

conditions are already under control, lubricants can only slightly contribute to quality. They 

can rather compensate for weaknesses and fluctuations occurred in these conditions. Thus, the 

real effectiveness of lubricants can only be evaluated statistically, in comparing the coated 

paper quality and machine runnability with or without using these chemicals over a longer 

period of time. In this case the benefit must be quantified in monetary terms, which is not 

always easy to do.
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Obviously, paper coaters often use lubricants in their formulations without knowing the exact 

reason for that. There is a noticeable lack of information in the market concerning lubricants 

and their effect in pigment coating. Each chemical supplier serves specified information in 

regard to its products, but general information on how to pick up just the right type of 

lubricant and at which level it should be added is hardly available. At least one good and up- 

to-date source of information, though, has been published: In the book Paper Coating 

Additives from TAPPI Press /2/ there is a whole chapter concerning lubricants, written by 

Krasniewski. His work has been a valuable source of information for my own study, and it has 

guided me towards a deeper understanding of the pigment coating lubricants.

In order to meet the needs of paper coaters, chemical producers and suppliers dealing with 

coating lubricants, many questions still remain to be answered. Especially, the chemistry 

behind the function of pigment coating lubricants needs to be revealed. My goal has thus been 

to search as much - and as versatile - information about lubricants as possible in different 

sources and put it together inside the covers of this literature study. Therefore, one essential 

point in searching information for this study was the interdisciplinary approach of the subject: 

the basic knowledge from mechanical engineering, polymer technology, fiber finish 

technology, surface chemistry and other physical chemistry, organic chemistry, tribology and 

rheology, and - of course - paper and pigment coating technology was combined to form a 

solid basis for the theory of lubricant function in pigment coating. Inside the covers of one 

book this interdisciplinary information will hopefully provide the reader with new ideas and 

points of view on the subject. To make it even more interesting to a reader some economical, 

cultural and historical aspects of the subject were included in the literature study as well.

I hope that this advanced level of information could inspire researchers interested in this topic 

to further analyze the exact function of lubricants in pigment coating and to develop new 

products with enhanced lubricating performance. Since, those products will certainly be asked 

for in the future, if coating solids and coating machine speeds continue to increase in the way 

they do today.
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2. LUBRICANTS IN GENERAL

Lubrication serves as a tool in controlling friction and minimizing wear. Lubricants are 

materials used for these purposes. In modem applications a very wide variety of materials can 

be used as lubricants. In fact, any fluid can be used as a lubricant in right circumstances. In 

some situations even solids can be used as lubricants /3, p.202/.

Air and gas bearings are quite common nowadays, not to speak about the numerous 

applications where water is used as a lubricant. The lubricating properties of water are in fact 

quite essential for our everyday life. There is even an old phrase in the Finnish language ”vesi 

vanhin voitelusta”, which means that water is the oldest of all lubricants. Also the Finnish 

expression for lubrication (= voitelu) is very old; it was first mentioned in the literature in 

1548 by Mikael Agricola, who those days created our written language in Finnish /4, p.308/. 

Here it probably refers to lubrication in a religious sense: both the words Christ (Greek origin) 

and Messiah (Hebrew origin) mean lubricated -or anointed -which is the correct English term 

in this context. This is just to express the fundamental nature of lubricants and lubrication and 

the long tradition in utilizing lubricants for different purposes.

In order to get a general scope of lubricants, we shall now concentrate on lubricant use in 

different fields. Lubricants that have a use for tablet forming in pharmaceutical industry are 

listed in Index 1. Lubricants used in mechanical engineering, polymer technology and textile 

manufacturing will be discussed next.

2.1 Lubricants in Mechanical Engineering

In mechanical engineering the term lubricant generally suggests oil or grease because they are 

the two most common ones in use.

2.1.1 Lubricating Oils

Originally, lubricating oils were derived solely from animal and vegetable sources, but this 

changed with the discovery of petroleum oils and now the great majority of lubricating oils
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come from petroleum, i.e. mineral or hydrocarbon oils. One drawback for animal and 

vegetable oils is that they are more chemically active than mineral oils and deteriorate more 

rapidly in use. However, animal and vegetable oils are very ”oily” and have good emulsifying 

properties and are still used in certain applications where these properties are desirable /3, 

pp.224-228/. Especially vegetable oils have gained importance in Finland during the past 

years, because of their economic self-sufficiency and better environmental characteristics 

compared to petroleum based oils. However, a severe train accident in Austria last year 

(2000), which was probably caused by overheating the vegetable based oil used in the train, 

has cast a shadow over the use of these bio-oils.

Mineral oils are complex substances containing a wide range of mineral hydrocarbons. In 

addition most modem lubricating oils have chemical compounds added to them to improve 

the characteristics of the straight mineral oil. One of the latest trends are the solid lubricants, 

which are lubricants in their own right and are used as dispersions in mineral oils for special 

applications. At high temperatures they are advantageous in that they are non-volatile and can 

provide a lubricant film when the base oil has disappeared. Graphite, molybdenum disulfide 

and PTFE are examples of solid lubricants /3, p.228/.

2.1.2 Greases

Grease is a stabilized mixture of a liquid lubricant and a thickening agent and may include 

additives to improve or impart particular properties. In the majority of greases the liquid 

lubricant is a mineral oil but synthetic lubricants such as silicone are sometimes used, 

particularly in greases, which have to operate over a wide temperature range such as in aircraft 

applications.

The thickening agents include metallic soaps, clays and silica. The main metallic soap 

thickeners are calcium, lithium, and sodium soaps in the form of fibers. The structure of 

greases is such that they are normally self-supporting in the static state and this property 

allows greases act both as a lubricant and a seal against contamination. When sheared, greases 

behave as a viscous fluid but are very non-Newtonian and their properties at any certain time 

are strongly dependent on their previous usage /3, pp.228-229/.
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2.2 Lubricants as Additives in Polymer Technology

Polymers /5/ - either natural or synthetic - are essential constituents of any plastic material. 

However, only in few cases plastics consist merely of polymers. Usually, polymers are mixed 

with additives, which give them plasticity and enhance the physical and chemical endurance 

of the product. There are several different groups of additives from stabilizers to pigments and 

fillers. At least three of these groups - plasticizers, lubricants and antistatic agents - perform 

functions similar to those of lubricants in pigment coating.

2.2.1 Plasticizers

Plasticizers are substances, which are added to a material (usually a plastic, resin or elastomer) 

to improve its processability, flexibility and stretchability. Plasticizers can decrease melt 

viscosity, glass transition temperature and the modulus of elasticity of the product without 

altering the fundamental chemical character of the plasticized material /47/. 

Plasticizers are liquid materials, which can both dissolve a polymer and be dissolved in it. The 

majority of the production - around 80 % - goes into modification of polyvinyl chloride (PVC) 

151.

Plasticizers are mainly esters of organic acids or phosphoric acid with a high boiling point and 

a low glass transition temperature. Dioctyl phthalate (DOP) is one of the most common 

plasticizers. Polymer plasticizers such as epoxy fatty oils and low molecular weight polyesters 

are used if migration of plasticizers out of the plastic material is in doubt 151.

Besides real plasticizers, liquid extenders are sometimes mixed with plastics. They do not 

dissolve in plastics as much as do the plasticizers. These materials include chlorinated paraffin 

and some fractions of petroleum.
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2.2.2 Lubricants

Lubricants /5/ serve for better plasticity to a plastic mass under process, keep plastic mass 

from sticking to the surface of process equipment and in many cases enhance the appearance 

of a plastic product. Silicones, for example, serve as efficient lubricants in connection with 

styrene plastics, ABS, polycarbonates, polyamides and polyolefines.

Lubricants used in PVC can be divided into two classes: internal and external. The former can 

be completely dissolved in a melted plastic and increase its fluidity. Fatty acids, their soaps 

and liquid esters behave this way. External lubricants, such as paraffin and polyethylene 

waxes keep a melted plastic from sticking to the surface of process equipment. Solid fatty acid 

esters and liquid silicones can be classified both as internal and external lubricants.

2.2.3 Antistatic Agents

Plastics characterized by high specific resistance and especially, high surface resistance, can 

be electrically charged by rubbing, which accompanies the accumulation of dust on the 

surface. The electric charges may be removed from an object by manipulating it with 

hygroscopic materials, such as glycerol, polyethylene glycol, cationic or non-ionic surface 

active substances, which are capable of absorbing water from air and thus make the surface 

conduct electricity /5/, 111.

A permanent antistatic effect can be realized by mixing non-ionic surface-active substances, 

such as polyethylene glycol esters of fatty acids or polyethylene glycol ethers of fatty alcohols 

with plastic mass in a production stage. In a finished product these substances gradually 

migrate into the surface of the object and form an electrically conductive layer in it 15/.
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2.3 Lubricants in Fiber Finish Technology

Although many valuable products are fabricated every day from synthetic fibers, these items 

would never exist unless a lubricating finish had been applied to the fibers during the 

extrusion or spinning process. Even all of the natural fibers are created with a lubricating 

finish on the surface of those products /8/.

2.3.1 Yarn Lubrication

A spin finish must satisfy many requirements to allow the yam on which it has been applied to 

be processed satisfactorily. Perhaps one of the most important requirements is providing the 

proper lubricity for the yam or fiber. This lubricity includes both fiber to metal and fiber-to- 

fiber lubrication. The phrase “proper lubricity” does not necessarily mean that the friction 

between the fiber and another object should be as low as possible for an optimal fiber 

processability. Often the lubrication of the yam must be adjusted to higher frictional values to 

yield enhanced yam performance /8/.

2.3.2 Lubricants in Spin Finishes

Every spin finish consists of one or more components depending on the end use of the textile 

yam being prepared. Yams pass over many different surfaces during their manufacturing and 

processing steps. In all these processes fiber lubricants are necessary to control friction, wear, 

and static electricity. Lubricants used in a spin finish may be water insoluble materials such as 

esters, alkanolamides, mineral oils, long chain fatty acids or alcohols, fluorocarbons or 

silicones. Water-soluble materials as ethylene oxide-propylene oxide copolymers are very 

useful as lubricants. Sometimes, emulsifiers, cohesive agents, or antistatic agents may provide 

lubrication properties /8/.
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3. PIGMENT COATING

Before describing the function of lubricants in pigment coating, the concept of pigment 

coating must be shortly explained: A coating of a substance is a thin layer of it spread over a 

surface. A pigment coating, in its simplest form, consists of a pigment and a binder that is 

present to bind the pigment particles both to one another and to the surface, which should be 

coated. In this text the surface is exclusively paper and thus pigment coating always refers to 

coating of paper. Furthermore, it should be emphasized that sometimes the term pigment 

coating refers not only to the coated layer on the paper, but also to the whole coating process 

for achieving it. Both of the meanings are used in this text. Before a pigment coating is spread 

over the paper surface, it is usually referred to as a pigment coating color or just as a coating 

color. The term coating formulation means the same, but more stress is laid on the various 

components inside the color.

In order to put the lubricant in right perspective inside the pigment coating, other raw 

materials for pigment coating, as well as the separate coating process steps, must also be taken 

up for discussion. Although most of them play a lot bigger role in pigment coating than do the 

lubricants, they are only discussed shortly to describe the background where lubricants work. 

A special emphasis in this text is put on coating additives, especially lubricants.

3.1 The Reasons for Pigment Coating

The principal reasons for applying a pigment coating to paper and paperboard are to improve 

printability and appearance. Pigments are the main constituents of pigment coatings; the 

various binders and additives that are used along with the pigment normally comprise less 

than 20 % of the formulation. The pigment coating provides a surface that is more uniform 

and more receptive to printing ink than are the uncoated fibers and, in turn, both facilitates the 

printing process and enhances the graphic reproduction. The improvement in print quality is 

readily apparent, especially in image areas or when multiple colors are involved. Pigment 

coating is somewhat different from functional coating. Functional coatings are designed for 

purposes other than printing enhancement, and pigmentation is either not required or is of 

secondary importance /9, p.2013/.
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It is necessary to begin with a good quality base sheet to produce a high-quality coated paper. 

Other factors, aside from the raw stock, that influence the properties and appearance of the 

coated sheet include the composition of the coating formulation, method of coating, operating 

conditions on the coating machine, and finishing procedures. The way in which these are 

combined determines the properties of the coating and the performance of the coated paper /9, 

pp.2016-2017/.

3.2 Raw Materials for Pigment Coating

The raw stock — or base paper - is the most important component determining the quality of 

pigment-coated paper. Raw stock properties of prime importance are sheet uniformity, 

porosity, strength properties, and optical properties. It is good to keep on mind that coating 

tends to accentuate rather than obliterate any shortcomings of the raw stock.

Furthermore, there are three basic materials used in a pigment coating color /9, pp.2016- 

2020/:

1. Pigment

2. Adhesive or binder used for bonding the pigment

3. Carrier which is water

In addition, a number of materials such as dispersants, lubricants, and the like are used in 

minor percentages. They are generally referred to as coating additives.

Any coating color not containing all the basic elements -pigments, binders, water and 

additives- is really not a true paper or board coating, but can be a size press solution, a water 

box solution, or possibly a wash coat. Coatings that do not utilize water as the fluidizing 

media are usually called solvent coatings /10, p.9/.

Other pigment-coating systems have been proposed from time to time, such as an electrostatic 

process in which coating material is deposited in the paper in a strong electrostatic field, but
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the relatively simple aqueous system remains the cheapest and most efficient coating process 

and the only one used to any significant extent /9, pp.2016-2017/.

3.2.1 Pigments

The pigments used today include a variety of mechanically and chemically treated kaolin 

clays. With the renewed interest in the alkaline papermaking process, the use of calcium 

carbonate is growing in popularity. It may be either mechanically ground from natural sources 

or precipitated on the mill site. Titanium dioxide, amorphous silica and silicates, and talc find 

a more limited use. Recently, plastic pigments have gained importance as coating pigments. 

Some of the important properties of pigments are the following /9, p.2023/:

1. Shape of the particles; this influences the packing tendency.

2. Dispersion; poor dispersion results in decreased pigment packing (increased sediment 

volume) independent of the pigment particle shape, particle size, and chemical 

composition.

3. Chemical composition; this may be more important than particle shape in governing the 

packing tendencies of some pigment combinations.

4. Particle packing; this has an influence on the flow properties of pigment slips.

3.2.2 Binders

The binder may be the most important ingredient in a pigment coating. In addition to its 

primary role of binding the pigment to the raw stock, the binder performs several other 

important functions. The binder, also referred to as the adhesive, is the dominant ingredient in 

the aqueous phase of the formulation. Thus it plays a major role in determining viscosity, 

rheology, water release, and set time for the coating. The amount of binder and its distribution 

in the coating layer can affect both the optical and the printing properties of the final coated 

sheet. Ideally, the quantity of binder should be no more or less than that required to maintain 

the continuity of the dry pigment coating through printing, binding, and / or other converting 

operations. Use of excess binder should be avoided because of its cost and its adverse impact 

on optical and printing properties.
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Paper coating binders can be divided into two general classifications:

1. Water-soluble colloids such as starch, protein, and polyvinyl alcohol.

2. Aqueous emulsions of synthetic polymers such as styrene-butadiene, polyacrylate, and 

polyvinyl acetate.

Traditionally, starch and its derivatives have dominated the field, but recent trends to very 

high solids coating mixtures have increased the use of synthetic binders /9, pp.2077-2078/.

At a fixed binder content in the coating color, coating strength or pick resistance increases as 

the solids content of the coating color is increased. This is true for both latex and water- 

soluble binders. As the solids concentration of the coating color is increased, pigment-particle 

spacing decreases and the fluid portion becomes more viscous. Both of these factors retard 

binder migration and thus increase coating strength /9, pp. 2119-2120/.

3.2.3 Paper Coating Additives

Paper coating additives may be defined as substances which are added to the coating 

composition to improve the coating properties or to remove operating problems during the 

mixing, coating, drying, calendering, or finishing processes. All materials in a coating 

formulation excluding pigments, adhesives, and water can be classified as additives /11/. 

Normally, these additives collectively constitute no more than 1 to 5 % of the total system’s 

solids, but their effect on runnability and on end use properties of the coated paper far 

outweigh their mass ratio in the coating mix. Those additives, which affect runnability, 

include: dispersants, lubricants, foam control agents, viscosity modifiers, water retention aids, 

and biocides. Those which affect end use properties of the sheet include: insolubilizers, 

lubricants, optical brighteners, colorants and biocides /12/.

Busch /13/ has organized different paper coating additives according to their point of 

effectiveness in the process and to the coating component modified. Only primary influence is 

considered here, even if there were other effects as well. It appears that our understanding of 

the principals or mechanisms and our ability to control the performance decreases from 

category one to ten, shown in parentheses in Table 3-1. The ranking depends of course on the 

observer. Generally it can be said that paper-coating additives affecting the process are better
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understood than those affecting end use properties of a finished product. Furthermore, it can 

be seen that identifying the exact function of lubricants is extremely difficult. In this table the 

main point of effectiveness for lubricants is claimed to be the finished product itself, which is 

not quite compatible with the definition of lubricity given in Chapter 5. There seems to be no 

general agreement on the role of lubricants in paper coating. Lubricants are, however, the 

most widely used paper coating additives.

Table 3-1. Performance Modifiers and Their Effect /13/.

Component Modified Point of Effectiveness
Process Finished Product

Pigment Dispersant (1) Bond Modifiers (8)
Lubricants (10)

Adhesive Foam Control Agents (2)
Flow Modifiers (7)
Insolubilizers (4)
Biocides (3)

Total System Antistatic (5)
Optical Modifiers (6) 
Surface-Active Agents (9)

3.3 Coating Color Preparation

Preparation of the coating color is an important step. The advent of pigment shipment in 

slurry form has resulted in a marked change in coating color preparation in recent years. Prior 

to 1950 practically all pigments were shipped in dry form and had to be dispersed by the paper 

coater. This change, coupled with the substantial growth in the volume of ready-to-use 

synthetic binders and the installation of continuous starch cookers, has eliminated the need for 

batch preparation equipment in many plants. As a result, many of the newer color rooms are 

highly automated (Figure 3-1) to provide very precise control over the blending and mixing of 

the various components going into the coating color /9, p. 2100/.
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Figure 3-1. Coating color preparation plant /14/.

3.3.1 Mixing Operations

Mixing is a unit operation common to the paper coating industry, and in fact is one of the 

primary operations carried out during the preparation, blending, and storage of coating 

materials and coating color. Mixing operations may be classified as agitation, mixing, or 

dispersion/15, p.35/.

3.3.2 Pigment Preparation

Despite the increasing use of pigment shipped in slurry form, there is still a significant volume 

of pigment shipped in dry form, and it must be dispersed by the paper coater. It is very 

important that the pigment be fully dispersed to ensure satisfactory performance and full 

contribution to the properties of the coated paper. A number of systems are used for pigment 

dispersion, all of which involve the addition of chemical dispersant and the use of mixing 

equipment that provides a sufficient amount of energy input to break down any particle 

clusters present in the dry pigment /9, p.2100/.

3.3.3 Binder Preparation

Latex and emulsion binders are supplied in ready-to-use form. Water-soluble binders must be 

converted to a usable form by the paper coater. For starch to perform effectively as a pigment

coating binder it must be completely dispersed in water. If the starch is modified by the 

manufacturer, it will require only cooking in water. After cooking, the starch solution is 

relatively stable for a reasonable period of time.
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The user can modify starch by enzyme conversion. Specially prepared native starches are used 

for this process. After conversion the starch solution is cooled to the desired temperature for 

immediate use or storage. The degree of enzyme conversion should be carefully controlled to 

obtain the desired starch viscosity and avoid a loss in binding strength.

A more recent and widely used method for converting starch by the user is by thermal and/or 

thermal-chemical conversion. Starch solutions prepared in this manner have the dual 

advantages of low viscosity and high binding strength, both of which are highly desirable 

properties for a paper coating binder /9, pp.2117-2118/.

3.3.4 Screening of Paper Coatings and Their Ingredients

The concern for quality is ever increasing in today’s paper industry. In no area is quality more 

important than in coating preparation and supply. A coating which is free of contamination is 

an absolute necessity in producing an acceptable product /15/.

Regardless of how much care and effort are devoted to the pigment dispersion and binder 

preparation, there is always a small amount of residual material present in the coating color. 

These particles may come from several sources including raw material contamination, poor 

preparation of the coating ingredients itself, or scale from the walls of tanks and piping. If this 

material carries through to the paper, it will show up as imperfections in the coated surface 

and can cause picking on the printing press. With blade coaters the classifying action of the 

metering nip will trap oversized material which will then cause streaks in the coated surface 

and uneven blade wear. Thus, whatever the coating process used, the coating mixture should 

be screened to remove any oversized particulate matter /9, p.2120/.
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3.4 Application and Metering

After screening the coating color is pumped into the actual coating unit, which may be at the 

end of a paper machine or in a separate coating machine. In most of the coating units an 

excess of coating color is first applied to the paper web by means of an applicator device, 

which may be a pond, puddle, one or more rolls, fountain jet or nozzle, short dwell time 

applicator (SDTA) or long dwell time applicator (LDTA). Then the excess is removed and the 

coating is smoothed by a doctoring (or metering) device, which may be a rotating rod, air jet 

(air knife) or a blade. Metering sometimes takes place already in the application device, e.g. 

on applicator roll, and is then referred to as premetering. There are numerous combinations of 

different application and metering systems in the coating units currently used all over the 

world. Two of the main coating systems today are described below: film coating and blade 

coating.

3.4.1 Film Coating

A simple two-roll coater called a padder /16/ was originally found in the textile industry and 

adapted to use on paper where it is called a size press. Since then a whole group of machines 

have evolved, based on the concept of working the coating into a thin film on an applicator 

roll and then ”printing” it onto the paper. When the coated paper market developed in the 

Thirties, many companies tried to use the size press with pigment in the size. It proved to be 

much more difficult than expected and was not very successful until radical modifications 

were made to the equipment in the form of transfer roll coaters and more sophisticated binders 

and pigments were developed. Also the science of rheology had to be learned. Film splitting 

was the basic problem, which led to blade coaters replacing transfer roll coaters. Today, new 

modifications of the conventional size press are coming into daylight again. Film applicators 

/17/, /18/ -also called film presses- are size presses equipped with a premetering system. 

Several types of applicators are available, including short dwell coater, jet fountain and 

enclosed pond. Metering element choices include volumetric grooved rods or wire wound 

rolls and pressure controlled blades and smooth rods.
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3.4.2 Blade Coating

Blade coating is still the dominant form of coating. There are many designs for blade coaters. 

They can be organized as classified as follows:

1. Puddle coaters

2. Roll applicator coaters

3. Fountain / nozzle applicator coaters

4. Short dwell time applicator coaters (SDTA)

5. Long dwell time applicator coaters (LDTA)

There are some features common to all the blade coater types. For example, there must be no 

chatter or vibration in the machine since it will be reflected by the blade in the coated surface 

/16, p.88/. Today blade coating is dominated by two types of coating applicators: SDTA and 

the roll applicator (often less precisely referred to as LDTA).

1. Trailing blade; 2. loading tube and profiles; 3. 
blade clamp backing; 4. color flow "In"; 5. color 
passing constriction; 6. adjustable weln 7. color 
under pressure; 8. coated paper to dryer; 9 
backing roll.

Figure 3-2. A typical scheme of an SDTA-type coating station /16/.

There are two basic configurations for the type of blade used as a metering device: rigid blade 

and inverted trailing blade. The traditional straight (rigid) blade is positioned at a large angle 

relative to the backing roll so that the blade tip exerts a scraping action across a very narrow 

nip. The narrow nip provides the sharp doctoring that is needed for close control and low coat
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weights /19, рр.2482-2485/. The only mechanical mechanism for control of coat weight with 

the conventional straight blade is the pressure: increasing the pressure with the rigid blade 

reduces the coat weight.

To apply coating to a paper in a trailing blade coater, the blade is reversed to trail instead of 

scrape in order to leave a smooth layer of coating. It is obvious that more is put on with the 

blade at a low angle than with it more vertical /16, pp.97-102/. Inverted trailing blades for 

coating are now used in two specific configurations:

1. Beveled

2. Bent or zero-angle blade

From experience it is known that beveled blades are best for the lighter coat weights, the 

broad contact area and the spread metering of the bent blade is suitable for medium and high 

coat weights /19, рр.2482-2485/. It also needs little explanation that beveled blades should be 

pre-ground rather than being worn in on the coater. Experience also tells which grades and 

coat weights require what angle and when new blades are needed. Regardless of the 

configuration being used, there are a number of conditions that must be observed: 

specifications of the blade itself; mounting the blade; and setting the angle and loading.

3.5 Drying

At first glance, drying does not seem to be a very significant part of the pigment-coating 

process, but this is not the case. If the concept of drying is extended to include all dewatering 

of the coating, then drying becomes one of the most important steps in the pigment coating 

operation. The reason for this lies in the fact that the dewatering rate influences coating 

rheology while the force and direction of water removal strongly influences binder migration. 

Binder distribution in the final coating is a major determinant of coated paper quality and is 

directly related to the optical, strength, and printing properties of the coated paper /8, p. 2167/.

In the analysis of drying, three basic mechanisms of heat transfer are identified: conduction, 

convection, and radiation /20/.
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1. Conduction involves the transmission of heat between molecules through a stationary solid, 

liquid, or gas. Steam cylinders in direct contact with the sheet.

2. Convection involves the process of heat transfer between a surface and a liquid or gas in 

motion. Impingement air from an air impingement food or flotation dryer.

3. Radiation involves the transfer of heat in the form of electromagnetic waves. Infrared 

heaters.

Both convection and radiation drying systems make possible noncontact drying. However, it 

has been shown that, because of sensitivity of coating drying to convection during the heat-up 

phase, radiation-drying best serves this purpose. The high heat and mass transfer by the 

convection dryer rapidly dries the coating surface while the underlying coating and substrate 

are still coming up to temperature. This causes problems, mottling being one of them /21/.

In order to make certain that the coating is dried to the point of immobilization, it has been 

generally agreed that theoretical solids must be taken to 72-80%. After that point, any high 

mass transfer of water will not rearrange coating solids or binder. To meet this condition in a 

coater construction (as illustrated in Figure 3-2), the theory is that radiation drying should be 

used to provide the sensible heat and a certain amount of drying. The infrared dryer should 

then be followed by a section of air flotation drying to do the remaining drying. Any extra 

drying provided by drying cylinders, which are used more for sheet stability and draw control, 

is of no great consequence /21/.

DRYER CYLINDERSCOATER 2

Figure 3-3. Off-machine coater with infrared, air flotation and drying cylinders /21/.
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3.6 Calendering of Pigment-Coated Paper

A major and important phase of conversion is the process dealing with the surface qualities of 

the paper by calendering to produce a smooth compacted surface suitable for printing or 

writing and for appeal to the artistic sense /22/.

The term calendering is the basic action occurring when a web of more or less plastic material 

is subjected to pressure and friction in its passage between two or more sets of adjacent nips, 

the effect on the material being a change in the surface properties, usually improved 

smoothness and higher density, as well as gloss. Calendering therefore reflects the standard oí 

qualities incorporated in papermaking and coating processes.

Calendering action comprises three elements: pressure, allied deformation in both paper and 

filled rolls, and temperature. Of the number of variables encountered in the production of a 

suitable calendered paper, only five are available for manipulation in calendering action: 

pressure, moisture, speed, temperature, and roll design.

The efficiency of conversion by calendering is a matter of balance between the responsiveness 

of the coated paper and the amount of calendering action provided. The responsiveness of the 

coated paper, in turn, is predetermined by the characteristics of paper and its coating.

There is a limit in the amount of calendering action that the paper and/or coating properties 

can withstand. Beyond this limit, calendering action usually causes a decrease in the quality of 

the paper, with a corresponding loss of printability.
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Figure 3-4. Schematic of an open-face supercalender /22/.

The only physical difference between calenders and supercalenders is the substitution of 

alternate intermediate metal rolls with filled rolls of material possessing resilient or elastic 

properties. Such filling is obtained by compressing fabrics, papers, or non-woven mats of 

cellulose fiber under high pressure. A schematic of a typical supercalender is shown in Figure 

3-3.

Furthermore, coated paper can be finished by hot thermal calendering in a one- or two-nip 

thermo finisher historically called a ”gloss calender”. The modern application of this 

equipment is called a soft-nip calender (SNC) or simply a soft calender.
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4 COATING LUBRICANTS - THEIR PROPERTIES AND EFFECTS

According to Ward /1/ a coating lubricant must posses certain definite properties: ”The 

lubricant must be of uniform composition and it must be ready for use with no further mixing 

problems. Furthermore, it must be stable when blended with coating color and it must not 

increase the viscosity of the coating to which it is added. This means that the lubricant to be 

used in the coating color must not cause thickening if high speeds and higher coating weights 

are desired. The lubricant should remain in the coating to be effective during the calendering 

operation. Therefore it should not migrate into the base sheet. It should not be water-soluble 

but must be dispersible in the coating color. The heat of the dryers should not melt it. It should 

function throughout the entire coating process from the preparation of the coating to the 

finishing operations”.

4.1 Effects of Lubricants

The possible functions of the coating lubricants can be listed as /23/, /2/, /24/:

• Lubrication of the wet coating and improvement of flow characteristics.

• Reduced interfacial and surface tensions.

• Improvement of water retention

• Better application and metering of wet coating color.

• Reduction or elimination of whiskering and scratches.

• Improved leveling.

• Reduced or eliminated film split patterning.

• Easier pigment orientation due to binder flow.

• Increased coating smoothness.

• Improvement of finish (gloss).

• Increased wet/dry pick resistance.

• Enhancement of printability.

• Increased resistance to cracking and peeling when paper is folded.

• Lower coefficient of friction.
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• Elimination or reduction of pigment dusting, blocking, scaling and linting during finishing, 

slitting, sheeting, and printing operations.

• Easier calendering making possible an acceptable machine calender finish for some grades.

• Increased slitter life.

The effect of lubricants may be best evidenced by increased surface smoothness and gloss, 

especially in supercalendered grades. Even these benefits may be difficult to notice, because 

lubricants are often used as quality insurance. If the operating conditions are already under 

control, lubricants can only slightly contribute to quality. They can rather compensate for 

weaknesses and fluctuations occurred in these conditions. Thus, the real effectiveness of 

lubricants can only be evaluated statistically, in comparing the coated paper quality and 

machine runnability with or without using these chemicals over a longer period of time. In this 

case the benefit must be quantified in monetary terms, which is not always easy to do.

Along with any benefits the risk of using a lubricant must also be realistically evaluated. Some 

factors to be considered will be /25/, /26/:

• Changes in the mix surface tension. Although they may perform such feats as defoaming 

and prevention of entrapped air in the coating color when added in small amounts, their use 

can also cause severe foaming, especially if added to excess.

• Thixotropic buildup in the mix that can affect the leveling rate.

• Accelerated migration of the liquid phase into the base thereby changing the viscosity, flow 

properties, etc.

Besides lubricity there are plenty of other functional properties which may be affected by 

using the same additives defined as lubricants: viscosity modification, leveling and evening, 

dry and wet pick improvement, gloss ink hold-out, gloss improvement, fold endurance, and 

plasticity. Furthermore, several lubricants find use as gloss calender release agents /27/ as well 

as release agents at cast coating process /28/. It is this versatility, which makes lubricants a 

very interesting, but also a quite complex topic to study.
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4.2 Lubricants and Surface Chemistry

Surface chemistry has a significant influence on the behavior of paper coatings during the 

coating color preparation and application processes. Viscosity, flow and leveling, penetration, 

and adhesion can all be affected by the surface and interfacial energies of coatings. Of 

particular significance in paper coatings is the surface physics at the boundaries of the three 

phases - solids, liquids, and gas (air). The lower the value of the interfacial tension or the 

more thoroughly wetted the solid (pigment), the more fluid the dispersion /29/.

In the preparation and application of paper coatings, the properties at the interface of the 

pigment and water are of major importance. An interface may be defined as the 

submicroscopically thin region between two immiscible liquids or a solid and a liquid. It is an 

area of discontinuity, the properties of which differ markedly from the two phases. Paper 

coatings are primarily concerned with the solid - liquid system although the gas (air) - liquid 

interface is also of importance because of its effect on the flow, leveling, and pattern 

properties of the applied coating /29/.

Surface-active chemicals are defined as materials that can alter the surface and interfacial 

properties of liquids to an unusual degree, even when these chemicals are present in minute 

quantities. These changes in properties are manifested by energy changes called surface and 

interfacial tensions. Since most lubricants possess surface-active chemical properties, they can 

alter the surface and interfacial forces of a coating. As a result, lubricants can affect the 

dispersion and rheological properties of coatings and exert some control over the penetration 

and adhesiveness of the coating /29/.
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4.3 Classification of Lubricants

The lubricants presently used fit into the following groups /2/, /24/, /25/:

1. Aqueous dispersions of metallic soaps (soluble / insoluble)

2. Wax emulsions (polyethylenes)

3. High-solids, lubricant blends containing calcium stearate

4. Diglycerides (lecithin blends)

5. Triglycerides (fats) and other fatty acid esters

6. Polyglycols and polyglycol ethers/esters

7. Sulfated and/or sulfonated oils

8. Fatty amines and fatty amides (synthetic waxes)

Of these groups, the first named is the most important one including the most widely used 

lubricant among paper coaters, calcium stearate. Lecithin blends, though, have already gained 

wide acceptance in the U.S. paper mills, and may bring some interesting features with them 

also for European markets. However, no one type of lubricant can deliver all the desired 

properties. Therefore, lubricant blends may be better choices for some applications /30/.

Before any detailed description of these different types of coating lubricants, let us have a 

short view in the chemistry behind the majority of them.

4.4 The Chemistry of Lipids

The lipids /31, pp.1110-1116/are a group of substances with a certain solubility characteristic. 

According to their definition lipids are water-insoluble substances, which can be extracted 

from cells by nonpolar organic solvents such as benzene and ether. There are four classes of 

lipids found in the human body, distinguished by their molecular structure: fats, 

phospholipids, waxes, and steroids. The three first named classes are of particular interest in 

describing the chemical structure of a coating lubricant.
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The most common fats are esters composed of glycerol and long-chain carboxylic acids called 

fatty acids. The composition of tri stearin, the most common animal fat, is illustrated in the 

Figure 4-1.
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Figure 4-1. The chemical composition of tristearin from glycerol and stearic acid /31/.

Fats that are esters of glycerol are called triglycerides having the general structure illustrated 

in Figure 4-2, where the three R groups may be the same or different and may be saturated or 

unsaturated. Vegetable fats tend to be unsaturated and usually occur as oily liquids, whereas 

animal fats are saturated and occur as solids. Saturated compounds are fairly unreactive, 

because the C-C and C-H bonds are relatively strong. At room temperature they do not react 

with acids, bases, or strong oxidizing agents. This chemical inertness makes them valuable as 

lubricating materials /31, p.1042/. However, as the chain length of the fatty acid chain 

increases, viscosity also increases. Thus the upper limit of a fatty acid’s molecular weight is 

set by the flow requirements of the fluid in question /31, p.l 069/.

Figure 4-2. The general structure of triglycerides /31/.
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Triglycerides can be decomposed by treatment with aqueous sodium hydroxide. The resulting 

products are glycerol and the fatty acid salts, also known as soaps. This process is called 

saponification (Figure 4-3).

Triglyceride Sodium
hydroxide

CH2OH RCOONa

CHOH + R'COONa

CH2OH R"COONa

Glycerol Soaps

Figure 4-3. Saponification of triglyceride with sodium hydroxide /31/.

Soap micelles absorb grease molecules into their interiors, as illustrated in Figure 4-4, so that 

the molecules are suspended (emulsified) in the water and can be washed away.

Figure 4-4. Soap micelles absorb grease molecules into their interiors /31/.
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Phospholipids are similar in structure to fats in that they are esters of glycerol. However, 

unlike fats, they contain only two fatty acids, while the third ester linkage involves a 

phosphate group. This group gives phospholipids two distinct parts: the long nonpolar '’tail'’ 

and the polar substituted phosphate ”head”. This structure can be noticed for example in 

lecithin, illustrated in Figure 4-5.

о

си, о
Polar head

Figure 4-5. The chemical structure of lecithin /31/.

Waxes are esters, just like fats and phospholipids. Unlike the former classes, waxes involve 

monohydroxy alcohols instead of glycerol. For example, beeswax is mainly myricyl palmitate, 

formed from palmitic acid СНз(СН2)мСООН , and the alcohol СНз(СН2)290Н.

4.5 Metallic Soaps

Soluble metallic soaps can be produced by the reaction of a highly soluble alkali with fatty 

acid. These soaps, which include sodium stearate, potassium stearate and ammonium stearate 

will lubricate the wet coating so that it will be picked up evenly by the applicator roll and, in 

turn, deposited evenly on to the web. Since they form true solutions in water, they remain 

more dispersed throughout the coating during drying and also tend to follow the vehicle into 

the base sheet. Thus they have more of a plasticizing function in the coating, and they are not 

as effective as anti-dusting agents or surface lubricants as insoluble metallic soaps. 

Furthermore they build viscosity to a much greater degree than do the insoluble soaps. For 

these reasons the use of soluble metallic soaps as coating lubricants has diminished /29/, /25/.

Insoluble metallic soaps are formed by the reaction of a low solubility metal alkali or oxide 

with a fatty acid or a soluble soap. The most commonly used metallic soap is the calcium salt 

of stearic acid, calcium stearate. This may be attributed to several factors, including
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economics, availability, suitability, and performance /29/. Another example of an insoluble 

metallic soap is aluminum stearate, which is, though, more rare and expensive. Zinc stearates 

are used, for example, in the production of thermo papers because of their high temperature 

resistance compared to calcium stearate.

The insoluble soaps will lubricate the dry coating layer to give reduced dusting and improved 

gloss without affecting the viscosity to any larger extent. Excessive use or poor dispersion can 

cause localized repellency /25/.

4.5.1 Manufacture of Calcium Stearate Dispersion

A typical calcium source in the manufacture of calcium stearate is CaO (quicklime) that has 

been hydrated in order to make the reactive base, Са(ОН)г. The stearic acid (C18H36O2) source 

for the calcium stearate that is supplied as a paper coating lubricant is usually beef tallow. It is 

not pure stearic acid, but may contain large amounts of other saturated or unsaturated acids. 

Accordingly, a stearate may contain significant amounts of laureate, palmitate, or oleate.

--------- Standard Addition
— " Reverse Addition

MICRONS

Figure 4-6. Particle size distributions for Ca-stearate dispersion 111.

Calcium soaps used as paper coating lubricants are supplied as aqueous dispersions with total 

solids of 50-55%. Normally, the calcium soap is made in an aqueous system containing 3-5% 

nonionic and/or anionic dispersants. The calcium soap dispersion is subjected to a 

homogenization and/or milling process to achieve low screen retention and a uniform particle
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size distribution. The nature of the particle size distribution (see Figure 4-6) is also dependent 

upon the manner in which the calcium hydroxide is combined with the tallow fatty acid. If the 

calcium hydroxide is added to an aqueous dispersion of the tallow fatty acid, a rather coarse 

particle size distribution is achieved. This is called a standard addition process. If the reverse 

addition process is used, whereby the tallow fatty acid is added to an aqueous slurry of 

calcium hydroxide, a relatively fine particle size dispersion is achieved 111.

4.5.2 Properties of Calcium Stearate Dispersion

Calcium stearate dispersions are extremely shear-stable and exhibit relatively low viscosity. 

They are designed to meet the metering requirements for continuous makedown systems. The 

product should be thoroughly mixed directly with the coating color at any convenient point in 

the coating makedown. The amount of calcium stearate used in the coating color can vary 

according to grade and a mill’s specific conditions, but a normal usage level is 0.5-1.0% dry 

lubricant on dry pigment. Below 0.5 parts dusting control is lost and above 1.25 parts 

viscosity stability begins to decrease. Calcium stearate dispersions are pH sensitive, being 

stable in coatings at pH levels from 6.0 to 10.5. Decomposition of the calcium stearate will 

result if it is subjected to acid solutions. Freezing will seriously damage aqueous dispersions 

of calcium stearate 111. Some latex binders, especially carboxylated styrene butadiene 

copolymers, are sensitive to the concentration of multivalent cations in the formulation. The 

formulation should be checked for calcium ion tolerance before adding or increasing the 

amount of calcium stearate incorporated /30/. Other concerns associated with calcium stearate 

include grit content, the need for recirculation, and the possibility that the product might dry 

out and flake off in bulk storage /24/.

Calcium stearates are the best at lubricating coating particles, improving the surface levelness 

or smoothness and increasing thixotropy in the wet coating. They also reduce blade scratches 

and minimize roll split pattern formation. For dry coatings, stearates provide the best surface 

feel, improved slitter knife life and improved sheet smoothness. Improved converting 

characteristics include reduced dusting on calenders and blankets, reduced sticking on rolls 

and improved cutter and die board knife life /30/.
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4.5.3 Calcium Palmitate

A 50 % aqueous dispersion of calcium palmitate derived from vegetable oil fatty acids has 

been reported as a potential alternative for calcium stearates. Gas chromatographic analysis of 

these two lubricants indicates that the vegetable source of palmitic acid yields a calcium salt 

with 86 % palmitic, whereas, the particular calcium stearate is more a 30/60 blend of a 

palmitic/stearic salts. The slightly shorter chain length in palmitic acid’s composition might 

offer greater lubricity than calcium stearates. Easy pumpability is another advantage ot 

calcium palmitate, a characteristic that can cut unloading time for a tank from two or three 

hours down to only about three quarters of an hour. In the coating trials, where calcium 

palmitate was compared with calcium stearate, equal properties were achieved in all areas of 

interest /32/. The main difference between these two products, the raw material, may turn 

beneficial for calcium palmitate due to environmental and ethical reasons: a vegetable source 

may sound better to the future customers than an animal source.

4.6 Waxes

According to the description from the German Society for Fat Technology ”wax is the 

collective term for a series of natural or synthetically produced substances that normally 

possess the following properties: kneadable at 20°C, brittle to solid, coarse to finely 

crystalline, translucent to opaque, relatively low viscosity even slightly above the melting 

point, not tending to stringiness, consistency and solubility depending on the temperature, and 

capable of being polished by slight pressure. Waxes have been described as man’s first plastic 

because even the Ancient Egyptians used beeswax to make writing tablets and models. This 

corresponds to the fact that waxes are plastic solids that have cold-flow yield values within the 

force-range practical for manual working at room temperature. Commercial waxes have 

melting points between 40°C and 140°C /2/, /33/.

Although the properties of waxes can be given in a generalized form, which distinguishes 

them from other commercial articles, it is convenient to subdivide them into naturally 

occurring waxes and synthetic waxes. Natural waxes can be further divided into three



31

categories: animal (and insect), vegetable and mineral waxes. The synthetic waxes include a 

very wide spectrum of chemical type from polyethylene to amide waxes /33/.

4.6.1 Mineral Waxes

Microcrystalline waxes are primarily alkylated napthenes containing side chains, iso-paraffins, 

some n-paraffms and a small amount of alkylated aromatics. Micro waxes have considerably 

smaller crystals than paraffin waxes. They offer considerably different physical properties. 

Micro waxes are more flexible, have greater tensile strength and generally have a greater 

degree of tackiness when compared with paraffin waxes. This latter property decreases the 

slip of micro wax treated paper and paperboard when compared to a paraffin wax treated 

surface /2/.

Commercial paraffin waxes consist of straight chain or n-paraffin hydrocarbons of the C„H2n+2 

series. The packaging industry is one of the most important consumers for direct applications 

of paraffin waxes. Waxes are first used as a size for the sheet of paper in which role it reduces 

the tendency to curl, improves folding and pliability, improves gloss and increase grease and 

blood repellency. Paraffin waxes are used, because they are inexpensive, available in large 

quantities and have little variation in properties from batch to batch. Where paraffin waxes 

cannot provide all the desired properties, their functionality can be improved by the addition 

of natural or synthetic waxes or polymers /33/.

Blends of macro- and microcrystalline waxes are used in which the former contribute to gloss, 

light color, stiffness, and transparency of the coating, and the latter provide low permeability 

to water vapor and greases, adhesion and high flexibility. These blends may be used also for 

impregnation purposes /33/.

4.6.2 Synthetic Waxes

Polyethylene /30/ consists of petroleum-based ethylene monomers, which are polymerized to 

about 4000 molecular weight. Just as waxes in general, polyethylenes are very hydrophobic
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and, therefore, require a large amount of soap to become a stable dispersion in water. High- 

pressure homogenizers are required to emulsify polyethylenes.

Oxidized polyethylene waxes /13/ are made from polyethylene that has been slightly oxidized 

in order to achieve better emulsion stability. Oxidation leads to a low degree of substitution so 

that carboxyl groups are added to the polymer chain /24/. Oxidized polyethylene waxes are 

readily emulsified with an added surfactant, followed by the addition of caustic to a pH of 9.0. 

Non-emulsifiable polyethylenes are used in blends with other waxes or polymers for paper 

coatings, plastic lubricants, printing inks, paints, cosmetics and hot-melt adhesives. 

Emulsifiable polyethylenes are found in textile finishes, fruit coatings, floor polishes, water- 

based paints and inks. Oxidized polyethylene waxes are used as plastic lubricants, surface 

conditioners for inks and coatings, and textile additives /33/. Property improvements offered 

by oxidized polyethylene waxes include improved slip, scuff resistance along with the typical 

barrier properties associated with the use of wax /13/.

The so-called Fischer-Tropsch waxes are used in paper coatings and adhesives and in candles, 

crayons, lipsticks and textiles. Fatty acid derivatives such as amides can be found in internal 

lubricants, lubricant additives, and mould release agents for polyvinyl chloride, polystyrene 

and polyester plastics /33/.

4.6.3 Wax Emulsions as Coating Lubricants

The use of aqueous emulsions of waxes as coating lubricants is almost as long a tradition as 

coated paper manufacture itself. Today, they are commonly used in paperboard applications 

/24/. For surface sizing with starch or other film forming materials, wax emulsion is included 

in the size solution to improve sizing, smoothness, scuff resistance, printability, surface slip 

and fold. Paraffin waxes, microcrystalline waxes and slightly oxidized polyethylene waxes 

form the basis of these products /2/. Emulsions based on vegetable or insect waxes have been 

used in large amounts in special highly glazed coatings. However, they reduce ink absorbency 

to such an extent as to be very difficult to use with safety /25/.

Polyethylene (wax) particles are rather small and are thus able to migrate through the coating. 

They move with the water to the hot surface. At the hot surface, the wax melts and flows over
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the coating particles. The hot tacky polymer particles are inhibited from contacting the hot 

drum or calender and picking is reduced. Polyethylenes are able to reduce the coating surface 

tension and improve the uniformity of coat weight distribution. They can improve ink and 

varnish holdout and surface slickness. The waxy surface also lubricates slitter, cutter and die 

board knife blades to increase knife life /30/. The use of an oxidized polyethylene gives good 

coating plasticizing and fold properties as well as good glossing, but it is less effective than 

metallic soaps as an antidusting agent and may develop foam with agitation /24/. They can 

give excessive slip to the coating, which, in turn, can cause problems when the finished paper 

is converted, stacked, packed and generally handled. The solids content for the aqueous 

emulsions products range from 25% to 60% /13/. Polyethylenes are typically added at 0.75 

parts to 1.5 parts per hundred parts pigment. To meet a paper mill’s specific needs, special 

types and blends may also be manufactured /25/.

4.7 Lubricant Blends Containing Calcium Stearate

During recent years there has been a distinct trend towards the use of different lubricant 

blends. They should combine the favorable effects of several chemical types with reduced 

detrimental affects. The right combination of ingredients should act as the “ideal lubricant” 

and improve wet coating, dry coating and converting properties /30/. Above all, high-solids 

coating lubricant blends based upon calcium stearate dispersions have been developed. These 

products usually contain varying amounts of calcium stearate, a fatty acid ester of a 

polyethylene glycol and urea. Sulfur-containing compounds and polysaccharides may also be 

present. All of these products exhibit a total solids content of 65%, thus providing freight 

savings compared to typical calcium soap dispersion. According to their manufacturers they 

provide same kind of lubricant functionality than the calcium stearate product alone /2/, /29/.

4.8 Diglycerides

Phospholipids such as lecithin are the newest materials being supplied as coating lubricants. 

In pigment coating, lecithin is a term often used to describe mixtures of phosphatidyl 

derivatives together with fatty acids, such as oleic, palmitic and stearic acids /34/. Another
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term being used in this context is diglyceride /24/. Because these mixtures are generally not 

aqueous dispersible, an emulsifier is also needed. Plasticizer agents can be added to improve 

the lubricity, rheology, and handling characteristics of the coating /34/.

Lecithin, as described in Section 4.1, is a complex molecule that can be extracted from plants. 

It is combined with sorbitan trioleates and linoleates. Sorbitan trioleates are a combination of 

carboxylic acids including palmitic, myristic, oleic and linoleic acids. These acids are similar 

to the components of calcium stearate. Therefore, the lubricating mechanism may be similar 

to that of calcium carbonate. This product can be purchased at 100% activity as a liquid /24/. 

The 100% activity, however, may be too concentrated to combine in a high solids coating 

without some localized shock. This risk is minimized by dilution or high speed mixing /30/.

Soy-lecithin/ oleic acid blends are maybe the best known of the diglyceride products. They are 

available as 50% and 100% active solids materials. On the contrary to calcium stearate 

dispersions, for instance, freezing temperatures will not damage the high-solids product, but it 

will thicken significantly at temperatures below 10°C. The 50% solids product also contains 

urea /2/. It can be difficult to add these blends to the coating due to a rather high solidification 

temperature they have /30/.

Diglyceride lubricants are shear-stable materials that help maintain coating homogeneity. 

Diglycerides significantly affect surface chemistry and the interactions between coating 

components. They demonstrate excellent leveling ability and superior water retention /24/. 

Their use provides for improved coating rheological properties and better runnability such that 

coating blade weeping and whiskering are eliminated. On dry board, they appear to help slitter 

knife life /30/. Higher coating solids can be used with minimum blade scratching and 

improved gloss ink holdout. The lubricant is well suited for high-speed coating, especially 

with short-dwell coating methods /34/. Processing concerns associated with diglycerides 

include relatively high viscosity of the material, the need for good agitation, and the inability 

to process this non-conductive product using magnetic flowmeters /24/. A typical addition 

range for these lubricants is 0.5 to 1 part per hundred parts pigment.
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4.9 Triglycerides and Other Fatty Acid Esters

According to Franz /24/, triglycerides used as coating lubricants are composed of three types 

of fats: saturated fat, monounsaturated fat and polyunsaturated fat. Triglycerides should 

improve coating rheology and be compatible with most coating systems. This type of lubricant 

should be an excellent release agent for cast coating formulations as well as conventional 

coatings. It is relatively inexpensive and has successfully improved the gloss development in 

several grades. The one main concern with this lubricant is in some cases that it is not as 

beneficial in eliminating dusting and scaling at the supercalender. Triglycerides can also 

undergo a hydrolysis to form, e.g., stearic acid.

Furthermore, Franz is listing two new chemistries available to the industry: “Di-acid esters 

have been designed to provide superior anti-scratch characteristics, and fatty acid esters have 

been designed to serve as an economic replacement for calcium stearate. Mill trials have 

shown promise for both of these lubricants” /24/. It is good to notice that triglycerides are, in 

fact, fatty acid esters of glycerol, so these new chemistries should consist of fatty acid esters of 

alcohols other than glycerol.

4.10 Polyglycols and Polyglycol Esthers / Ethers

Polyglycols range from low molecular weight ethylene glycols (liquids) to high molecular 

weight polyethylene glycols (solids). Propylene glycol is also used as the monomer to make 

similar products or mixtures with ethylene glycol. The ethylene glycols and adducts are water- 

soluble and easily form solutions, while the propylene glycols lose water solubility as the 

chain length increases /29, p. 101/.

Polyethylene glycols (PEG) at a level of 1 % or less on dry pigment are shown by Kelly and 

Buttrick /35/ to be effective lubricants for paper coatings containing starch and starch-latex 

binder systems. Kelly and Buttrick have studied the effect of PEG molecular weight and 

concentration on coating properties.
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The PEG samples used in the study were commercial products characterized by their nominal 

molecular weights. PEG 400 is a somewhat viscous liquid, whereas PEG 4000 and PEG 

20,000 are free-flowing powders. All are readily soluble in water and in coating colors, 

leaving no residue, and they are compatible with all the ingredients normally found in coating 

colors. They showed no sensitivity to dilution, shear, pH, or temperature variations throughout 

the investigation.

Molecular weight has a significant effect on the performance of polyethylene glycols, and 

relatively low molecular weights, up to about 4000, are preferred. At these molecular weights, 

coating color viscosity is not affected, but at higher molecular weights the viscosity is 

progressively increased. Most coating properties are unaffected by low molecular weight PEG 

at the 1 % level, but gloss is significantly improved, particularly with PEG 4000.

Fatty acid esters of polyethylene glycols greatly increased coating color viscosity, tended to 

cause foam problems, and gave lower gloss than unmodified polyethylene glycols. Methyl 

ethers of polyethylene glycols and random co-polymers of ethylene oxide and propylene oxide 

performed essentially the same as polyethylene glycols. In general, coatings with polyethylene 

glycols and their esters and ethers tended to show less slip and lower water-drop contact 

angles, i.e. a more hydrophilic nature, than coatings with calcium stearate.
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5. LUBRICATION AS A TRIBOLOGICAL PHENOMENON

As the name says the main function of lubricants in pigment coating is to impart lubricity to a 

coating formulation. According to its definition lubricity /36/ as a functional property is 

needed ”to change the smoothness and flow properties of the wet coated surface and enhance 

the plasticity and slipperiness of the dried coating by altering the surface and/or interfacial 

tensions of coating colors. Also, to improve the finishing ability of coatings by reducing or 

eliminating picking, blocking, and dusting.”

Accordingly, paper coating lubrication can be divided into two categories: Lubrication in wet 

state coating and lubrication in dry (or semi-dry) coating. Lubrication in wet state coating 

involves hydrodynamic lubrication and boundary lubrication, and occurs when moving 

pigment surfaces are completely or partially separated by a water layer. The lubricants have 

now influence on the viscoelastic character of the wet coating color by altering the manner in 

which various ingredients of a coating color interact with one another /2/, /13/. The concept of 

viscoelasticity will be discussed in Chapter 6 in connection with rheology, the science of 

deformation and flow of materials. Lubrication in wet state coating, and its influence on the 

application, metering and drying steps of coating, will be discussed more in detail in Chapter 

7.

Lubrication in dry coating involves both boundary lubrication, where paper surface and 

process machinery contact, and elastohydrodynamic lubrication - in connection with 

supercalendering - where hard roll surfaces are in contact with elastomeric surfaces of coated 

paper and filled calender rolls. In both cases, absorbed films of lubricants reduce friction 

between the respective surfaces. Lubricants then influence the manner in which the pigment 

particles and other materials are aligned with each other after the drying and supercalendering 

steps. This results in improved optical properties of the finished sheet/2/, /13/.

Next we shall concentrate on the science of tribology, which helps us to understand these 

different types of lubrication.
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5.1 Principals of Tribology

The word tribology /3/ is derived from the Greek word tribos meaning rubbing. According to 

its definition in most dictionaries tribology is ”the science and technology of interacting 

surfaces in motion and of related practices and subjects”. In other words tribology deals with 

friction and wear, which both have a great economic effect in hundreds of industrial 

applications. As a word tribology is rather new; the modem interdisciplinary concept of 

tribology was first recognized in United Kingdom in I960. A man’s interest in the 

constituent parts of tribology is - on the contrary - older than recorded history. Obviously, the 

invention of the wheel already illustrates man’s concern with reducing friction in 

translationary motion. In the science of tribology the basic knowledge from physics, 

chemistry, mathematics, materials science and engineering is used in all branches of 

engineering, in medicine, and in almost all aspects of our daily life.

A fairly general misconception exists that high friction automatically means high wear. That 

this is not the case is clearly shown in Table 5-1 where it can be seen that the lowest friction is 

not associated with the lowest wear. The complexity of the relationship between friction and 

wear is also demonstrated by the unusual results which sometimes occur when, with the same 

materials, friction may decrease after a given running time and this reduction in friction is 

associated with an increase in the wear rate.

Table 5-1. Friction and wear from pin on ring tests /3/.

Materials
Coefficient of
Friction

Wear rate 
cm3/cm * 10(-12)

1 Mild steel on mild steel 0.62 157000
2 60/40 leaded brass 0.24 24000
3 FIFE 0.18 2000
4 Stellite 0.60 320
5 Ferritic stainless steel 0.53 270
6 Polyethylene 0.65 30
7 Tungsten carbide on itself 0.35 2

Rings are hardened tool steel except in tests 1 and 7. 

Load is 400 g and speed is 800 cm/s.
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While friction may not always be a prime consideration, the tribologist has to be aware of the 

absolute magnitude of the energy losses involved and any likely consequences -like 

undesirable thermal distortions- of the ensuing heat release. Furthermore, in industrialized 

societies about 50 % of the GNP is used to replace the results of wear and similar effects. On 

the other hand, one could say, life without friction and wear would be impossible. Also in 

many practical applications friction is a prior requirement for the functioning of the device. In 

such cases the heat release and the rate of wear become the primary design considerations, as 

in the design of car breaks and clutches.

5.1.2 Solutions to Tribological Problems

A solution must often be found to the tribological problem of carrying load across the 

interface with acceptable friction and wear. The available solutions to problems of this kind 

are listed below /3/. They are also illustrated in Figure 5-1.

a. One can choose the contacting materials if they have intrinsically low friction and/or wear 

characteristics.

b. One may apply chemical films, which protect the surface and in part reduce the intimate 

contact of the base materials.

c. Soft metal layers, lamellar solids or other solid surface coatings may be used since they 

have low resistance to transverse shear together with strength to normal load.

d. The surface may be separated with a continuous film of fluid, which may be either a liquid, 

a vapor or a gas. In such systems the fluid film, such as water, oil, air or even liquid metal, 

must have a built-in pressure to withstand the effects of the applied normal load.

e. The surfaces may be separated by elastomers bonded to the two surfaces in cases where the 

degree of transverse displacement is of fairly small amplitude.

f. Flexible elastic strips are an alternative design for the above-mentioned elastomers.

g. Rolling elements such as balls, cylinders and the like may be interposed between the two 

surfaces.

h. The load can be carried without mechanical contact by using magnetic and similar force 

fields.
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Figure 5-1. Methods of solution of tribological problems 13/.

In these solutions it has been assumed that surfaces are simply smooth planes defining the 

boundaries between solids and their environment. Unfortunately all engineering surfaces -not 

least the paper- are rather more complex than this, having geometries with hills and valleys 

and equally complex physical and chemical properties which are seldom uniform throughout 

the depth of the material. It is this feature of surfaces, which contribute to the complexity ot 

the subject of tribology.

5.2 Friction

Friction is the resistance to motion, which is experienced whenever one solid body slides over 

another under the influence of a load, W. The resistive force, which is parallel to the direction 

of motion, is called the frictional force. If the solid bodies are loaded together and a tangential
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force is applied, then the value of the tangential force that is required to initiate sliding is the 

static frictional force, Fs. The tangential force required to maintain sliding is the kinetic 

frictional force, Fk. Kinetic friction is generally lower than static friction /3/, /8/.

5.2.1 The Basic Laws of Friction

Leonardo da Vinci (1452-1519) proposed two of the basic laws of sliding friction of solids /8/:

1. Friction is independent of the area of the solids.

2. Friction is directly proportional to the load that is normal to the sliding direction.

This means that for any particular pair of solids, the ratio of

Frictional force [F] / Load [W] (5-1)

is constant (see Figure 5-2) and this value is called the coefficient of friction (COF), ц.

1
il ~1—f.

Figure 5-2. The ratio of frictional force [F] and load [W] is constant /37/.

The French engineer Amonios redefined these laws in 1699 and added his own mathematical 

interpretation. C. A. Coulomb verified his observations in 1785, and Equation 5-1 is 

commonly referred to as Coulomb’s law. The two latter investigators suggested two additional 

basic laws to those proposed by da Vinci, namely /8/:
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3. The static coefficient of friction is greater than the kinetic coefficient.

4. Coefficients of friction are independent of sliding speed.

The first law does not hold for highly viscoelastic materials under high pressure. The second 

law does not apply to viscoelastic materials. The third and fourth laws only apply to low 

speeds where significant heat cannot be developed to induce phase transitions I'll. In some 

cases the COF may also depend on the relative velocity of the two surfaces in contact. This 

will, for example, affect the local temperature. Then the COF tends to decrease with 

increasing sliding speeds, contrary to the 4th basic law expressed above /37/.

5.2.2 The Components of Metallic Friction

A basic example of friction is one of two metals sliding against each other. It is generally 

agreed that unlubricated metals produce a frictional force arising from two separate 

components. The first, which is usually the main one, is the adhesion of the surfaces at the 

real areas of contact. Since no surface is truly smooth, these real areas of contact are sections 

of the solid that stick out from the main surface and are usually much smaller than the total 

surface area of that solid, as illustrated in Figure 5-3. These sections are called asperities.

Figure 5-3. The real area of contact for a) metal-on-metal, and b) plastic-on-metal /37/.



43

The adhesion component of friction between these sliding surfaces is the force necessary to 

shear the junctions at these asperities. If A is the total area of shear and s the average shear 

strength of the weaker material, the adhesion component of friction can be stated as /8/:

Fadhesion = A S (5-2)

The second frictional component is deformation, such as plowing or grooving, of the softer 

material by the harder one (see Figure 5-4). For two similar metals, this component is much 

smaller than the adhesion one, but for a soft metal sliding against a harder one, or polymer 

against a hard surface, it can become significant. The total frictional force is thus the sum of 

the two components /8/:

F — Fadhesion + Fdeformation (5-3)

f I *

Figure 5-4. Plastic deformation around a region of contact /37/.

5.2.3 Boundary Friction and Lubrication

The primary characteristic of boundary friction is the tendency to stick and slip rather than to 

move smoothly at uniform speed. This is a fundamental characteristic of all elastic surfaces, 

for example, fibers in contact with another surface. The boundary friction is greatest when two 

surfaces that are in contact are clean. At rest, these two surfaces under pressure tend to adhere 

by intermolecular attraction and the deformation of the fiber surface by the asperities on a 

harder solid contact. When tension develops in a fiber causing it to move, the tension must 

build until the force generated is large enough to overcome this adhesion and deformation. 

When this happens, the movement is sudden and continues only until the tension is relieved, 

at which time the fiber comes to rest and the adhesion and deformation forces are again more 

important. This process is repeated, if the fiber speed and tensions are constant, until the
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surfaces are permanently changed. The common term for this behavior is therefore stick-slip. 

The friction terms used to characterize stick-slip are accordingly the static coefficient and the 

kinetic coefficient of friction. High pressure, high friction, and a plastic fiber tightly 

conforming to a mirror surface can combine to yield such a large static friction coefficient that 

the fiber may reach a breaking tension before the static friction forces can be overcome /8/.

The term boundary lubrication refers to the situation where a lubricant film is present between 

two rubbing surfaces but its thickness is insufficient to prevent asperity contact through the 

film. Many mechanisms operate totally under conditions of boundary lubrication. Others are 

designed to operate under hydrodynamic lubrication (see Section 5.2.4), but as the lubricant 

film thickness is a function of speed and load, during starting up and running down the film 

thickness will be insufficient to provide complete separation of the surfaces, and the 

conditions of boundary lubrication will be obtained /3/.

T—i—г

> 0.3

200
Molecular weight

Figure 5-5. Variations of P with molecular weight of the boundary lubricant: 

_______-curve for spherical and-------------curve for plane slider /37/.

The effectiveness of a boundary lubricant is less dependent on the rheological properties of 

the lubricant than it is on its chemical properties. It has been shown /37/ that for a given 

homologous series of lubricants of hydrocarbon type, p decreases nearly linearly with 

increasing molecular weight. With the fatty acids, however, p levels off at about 0.05 at a 

molecular weight of 200 (see Figure 5-5). It is also found /3/ that liquid fatty acids are more 

effective than alcohols with a comparable chain length. It is generally accepted that this is due
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to the more reactive fatty acids being chemically adsorbed on the metal surface, and it has 

been found that one or two molecular layers are effective in reducing wear by factor as great 

as 1000. However, metals that do not react with the fatty acid, are lubricated equally well by 

an alcohol of similar chain length. Thus we see that the effectiveness of boundary lubrication 

is increased in those cases where a solid metal soap film is formed over the metal surface. One 

possible model for a pressurized metal soap film is shown in Figure 5-6.

Figure 5-6. Pressurized film model for boundary lubrication /37/.

Experiments on the lubrication of nylon film suggest as well that an effective boundary, or 

slow speed, lubricant for nylon should be attracted either chemically or physically to the 

surface and thus decrease the real area of contact, and therefore the adhesion, of the two 

rubbing surfaces. Furthermore, it should have strong cohesion energy between the molecules. 

In these experiments stearic acid gave a significantly lower p.s than octadecylamine even 

though these chemicals contain the same number of carbons in their aliphatic chain. This 

suggests that the acid groups bond more strongly to the nylon surface than do the amine 

groups. Perfluorolauric acid lubrication resulted in higher values than did stearic acid although 

some evidence has been reported that fluorinated material adsorbs more effectively on the 

surface of nylon by hydrogen bonding than does stearic acid. In this case, the difference in the 

coefficients of friction may result from weaker cohesion forces between the -CF2- groups of 

neighboring molecules than between the —CH2- groups. Similarly, oleic acid, which contains 

the same number of carbon atoms in the aliphatic chain as stearic acid, is not nearly as 

effective as stearic acid in the reduction of friction. The apparent reason for this phenomenon 

is the unsaturation in the oleic acid chain which reduces the cohesion between the adsorbed 

molecules /8/.

It has been found /37/ that, on heating, the value of p rises rather sharply at a characteristic 

temperature from values around 0.1 to values around 0.4. Very likely these points of change
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correspond to the transition between an expanded and a condensed film. Another indication 

that condensed films are required for good boundary lubrication is in the behavior of fatty acid 

monolayers. With films on glass, on platinum, and on various polymers, the change in p 

correlates with the bulk melting point, but for lauric acid on copper, the change in p occurs at 

about 110°C and for stearic acid on zinc, at about 130°C. These temperatures are much higher 

than the respective bulk melting points of 43°C and 69°C, but they do correspond to the 

softening points of the corresponding metal salts of the fatty acids. In fact, it is known from 

adsorption studies that fatty acids chemisorb on the more electropositive metals by salt 

formation with the oxide coating.

Under very high pressures organic boundary lubricants are ineffective since they break down 

due to the high local temperatures at the contacts. To counteract this extreme pressure, 

additives, for example, organic chlorine or sulfur compounds are added to the lubricant. These 

are stable at normal temperatures but react with the metal at the hot spots, forming metal 

chloride or sulfide films which inhibit welding of the asperities and reduce adhesive wear to 

acceptable levels /3/.

5.2.4 Hydrodynamic Friction and Lubrication

A widespread concept associated with friction is the sliding of one surface against another at 

high speeds. This concept is true for fiber friction as well as metallic friction. In studying the 

frictional behavior of fibers over a cylindrical surface, the most widely employed technique 

consists of passing the fiber over that surface and then measuring the initial tension, Ti, and 

the final tension, 7!?, as the fiber slides around the cylinder. In this process the lubricant 

present forms a film between the fiber and the surface, and the friction is described by the 

shear stress of that film. It is generally agreed that the hydrodynamic friction has the same 

direct relationship with the lubricant viscosity as with fiber speed, that is, if the velocity is 

increased by a factor of two, the frictional behavior is the same as if the velocity had been kept 

constant and the viscosity increased by factor two /8/. The general frictional behavior of liquid 

lubricated yam can be seen in Figure 5-7.
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Figure 5-7. General frictional behavior of liquid lubricated yarn /8/.

The introduction of a film of fluid between components with relative motion forms the 

solution of a vast number of tribological problems, as presented in Section 5.1.2. External 

pressure may be supplied to the contact, which is the case in connection with hydrostatic 

lubrication. However, in many cases the viscosity of the fluid and the geometry and relative 

motion of the surfaces may be used to generate sufficient pressure to prevent solid contact 

without any external pumping agency. This is the principle of hydrodynamic lubrication, a 

mechanism that is essential to the efficient functioning of the whole of modern industry. 

Although usually beneficial, hydrodynamic films sometimes occur in situations where they are 

undesirable or even dangerous. For example, the tread pattern of a car tire is an attempt to 

prevent ‘aqua-planning’, which is the build-up of a hydrodynamic film between the tire and 

the road, resulting in a loss of grip /3/.
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5.2.5 Elastohydrodynamic Friction and Lubrication

The common concepts of the adhesion theory of metallic friction, introduced in Section 5.2.2, 

have been extended to include polymer friction. For example, it has been confirmed that 

during sliding of one polymer against another, strong adhesion does occur, and that fragments 

sheared off from one polymer have been observed adhering to the other polymer. In contrast 

to the similarities concerning adhesion, there is a considerable difference in the nature of 

deformation between these two materials. Whereas metals generally exhibit only plastic 

deformation, with polymers one must also consider elastic deformation over certain ranges oí 

loads. In ‘highly loaded’ contacts, where loads act over relatively small contact areas, usually 

line or ball contacts, extremely high pressures may be created. These high pressures can lead 

both to changes in the viscosity of the lubricant and elastic deformation of the bodies in 

contact, with consequent changes in the geometry of the bodies bounding the lubricant film. 

As a result of this viscoelastic deformation there is a hysteresis loss with polymeric 

substances. Similarly, the viscoelastic deformation also influences the total frictional force in 

Equation 5-3 and the classical laws of da Vinci, Amonios, and Coulomb no longer hold /3/, 

/8/.

Elastohydrodynamic lubrication will be discussed more in detail in connection with 

supercalendering in Chapter 8.

5.3 Wear

Wear occurs as a natural consequence when two surfaces with a relative motion interact with 

one another. However, no reliable and simple quantitative law for wear, comparable to that for 

friction, has been evolved. This is hardly surprising because the wear process involves a 

variety of diverse phenomena, interacting in a largely unpredictable manner. On the other 

hand, whereas the COF of most materials lie between 0.1 and 1.0, corresponding wear rates 

vary over many orders of magnitude. In such cases where wear is harmful, the rates of wear of 

sliding components can be reduced - but not eliminated - by lubrication, by careful design, and 

by material selection /3/.
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Already the formulation of a precise and all embracing definition of wear is difficult. A 

committee of the Institution of Mechanical Engineers has decided on the following definition: 

“the progressive loss of substance from the surface of a body brought about by mechanical 

action”. Wear can also be defined as: “the destruction of material produced as a result of 

repeated disturbances of the frictional bonds”. Neither definition is perfect /3/

In order to study and gain a better understanding of wear, it is essential to recognize that 

several distinct and independent mechanisms are involved. At least four mechanisms can be 

listed /3/:

1. Adhesive wear

2. Abrasive wear

3. Corrosive wear

4. Surface fatigue

Of these four mechanisms the first two - adhesive and abrasive wear - play a significant role 

also in the context of pigment-coated paper, and will be discussed more in detail in the two 

remaining sections of this chapter.

5.3.1 Adhesive Wear

As explained in Section 5.2.2, macroscopically smooth surfaces are rough on an atomic scale, 

and when two such surfaces are brought together contact is made at relatively few isolated 

asperities. As a normal load is applied, the local pressure at the asperities becomes extremely 

high. The yield point stress is exceeded, and the asperities deform plastically, until the real 

contact area has increased sufficiently to support the applied load. In the absence of surface 

films the surfaces would adhere together, but very small amounts of contaminant prevent 

adhesion under purely normal loading. However, relative tangential motion at the interface 

acts to disperse the contaminant films at the points of contact, and cold welding of the 

junctions can take place. Continued sliding causes the junctions to be sheared and new 

junctions to be formed /3/.
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This model leads not only to the simple theory of friction, but also to the formulation of a 

mechanism of wear, but still not to a precise quantitative law of wear. The amount of wear 

depends on the position at which the junction is sheared. If shear takes place at the position of 

the interface then wear is zero. If shear takes place away from the interface then metal is 

transferred from one surface to another. With further rubbing some of the transferred material 

is detached to form loose wear particles /3/.

5.3.2 Abrasive Wear

The term ‘abrasive wear’ covers two types of situation. In both cases wear is realized by the 

plowing-out of softer material by a harder surface. In the first instance a rough hard surface 

slides against a softer surface. In the second case abrasion is caused by loose hard particles 

sliding between rubbing surfaces. There are two requirements here - that one surface must be 

harder than the other, and that the hard surface must be rough. This type of wear has been 

largely eliminated from modern machinery, due to a grater awareness of the importance of 

surface finish and the availability of instruments for the routine measurement of surface 

roughness. However, the second mechanism is still of great importance. Not only do most 

mechanisms work in an environment containing much airborne dust and dirt, but also the 

products of corrosive wear are more often than not abrasive in character. Airborne dust and 

grit is the largest source of abrasive particles and the practical solution here is to exclude the 

dust by adequate sealing and filtration /3/.
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6 PRINCIPALS OF RHEOLOGY

Paper coating rheology -together with the base sheet and coater operating parameters- plays an 

important role in coating color processability, coater runnability and coated paper properties. 

Appropriate rheology is needed for the entire coating process, including coating preparation, 

pumping, screening, coating transfer onto the web, flow into the metering nip, leveling after 

metering and drying. However, it still remains unclear which rheological parameters of paper 

coatings correlate with coater runnability and coating structure /38/.

Rheology describes the deformation of a body under the influence of stresses. In this context a 

body can be either solid, liquid or gas. Ideal solids deform elastically and temporarily. When 

the stresses are removed the energy needed for the deformation is fully recovered. Ideal fluids 

are viscous and deform irreversibly - they flow. The energy cannot be fully recovered by 

removing the stress, because some of it has already changed into heat. The real bodies are 

neither ideal solids nor ideal fluids /39/.

The easiest type of flow to define and control is shear flow /40/. This is demonstrated in 

Figure 6-1 where we can see that a force applied to the top surface area of a cube of material 

produces a deformation in this surface and a gradually diminishing deformation in what can 

be noticed as layers in the rest of the material. This force, F, per unit area, A, is determined as 

the shear stress, a, and has been shown to create a deformation characterized by the angle y 

known as (shear) strain. If this shear stress were maintained with time on the surface of a fluid 

then also the angle y would change with time. The rate of change of y, however, would be 

constant, which is known as the shear rate, y' (a time derivative). Thus, the shear rate is a 

measure of how rapidly a material is deformed, or made to flow.

Figure 6-1. Schematic diagram of simple shear flow /40/.
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Ideal solids subjected to shear stresses react with strain /39/.

F/A = a= G * dL/dy = G*tany~G*y (6-1)

F the force applied [N]

A the area to which the force is applied [m2]

a shear stress [Pa]

G Young’s modulus that relates to the stiffness of the solid [N/m2]

у strain (dimensionless)

y height of the solid body [m]

AL deformation of the body as a result of shear stress [m].

6.1 Newtonian Fluids and Viscosity

The viscosity of a material is defined as the resistance of a fluid against any irreversible 

positional change of its volume elements. The definition is based upon the assumption that no 

physical or chemical interactions exist between the particles present in the fluid. The only 

resistance to flow present in the system is friction resistance attributed to particle collision /2/. 

There must be a continuous addition of energy in order to maintain flow in a fluid. The flow 

behavior of an ideal liquid can be described with the basic law of viscometry /39/, which was 

first expressed by Isaac Newton:

a = n* dy/dt = q* y' (6-2)

or

(6-3)
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a shear stress [Pa]

r) constant of proportionality

y strain (dimensionless)

y' the shear rate, an indication of the amount of flow

The simplest rheological behavior a fluid will show occurs when an applied stress is 

proportional to the resulting shear rate or vice versa. Because the ratio is invariant with either 

variable in this case we say that it obeys Newton’s law and the material is newtonian. This is 

shown in Figure 6-2 as a line of constant slope of shear stress with shear rate passing through 

the origin (line A). Many simple, low molecular weight materials, e.g. water, are newtonian 

when liquid /40/.

shear
stress

shear rate

Figure 6-2. Shear stress - shear rate behaviors; A. Newtonian, B. Shear-thinning, C. 

Shear thickening, D. Plastic, E. Pseudo-plastic /40/.

The constant of proportionality, p, in Eq. 6-3, is sometimes referred to as the viscosity, 

coefficient of viscosity or absolute viscosity but the title dynamic viscosity has been adopted 

in modem practice to avoid confusion. Namely, several viscometers do not give a direct 

measure of dynamic viscosity but determine the value r|/p where p is the density of the fluid. 

This ratio is called the kinematic viscosity for which the symbol v is normally used /3/:

v = 7t/p (6-4)
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6.2 Other Types of Viscosity

All other fluids not exhibiting this ”ideal” flow behavior are called non-newtonian fluids.

They far outnumber the amount of newtonian liquids. To be able to quantify the other types of 

flow, Equation 6-2 can be expanded as written in Equation 6-5 /2/.

a = r\* (y')N + f(y) (6-5)

where f(y) is the yield value of the system.

For a newtonian liquid this would mean that N=1 and f(y)=0. In connection with non- 

Newtonian fluids it is common to use the term apparent viscosity, which is simply the ratio of 

shear stress to shear rate at a specified shear rate /3/.

6.2.1 Pseudoplasticity

The expression pseudoplastic refers to a system where no yield point exists, but where an 

increased rate of shear reduces viscosity; they become thinner. For Eq. 6-5, pseudoplastic 

systems show f(y) = 0 and N < 1. Technically this can mean that for a given force or pressure 

more mass can flow or the energy can be reduced to sustain a given flow rate. Very many 

substances such as emulsions, dispersions and suspensions show pseudoplastic behavior. 

Typically, paper coating colors belong to this group /2/, /39/.

There are at least two possible reasons for the shear thinning of a material. Firstly, many 

liquid products that seem homogenous are in fact composed of several ingredients. At rest 

these materials will maintain an irregular internal order and correspondingly they are 

characterized by a high viscosity. With increasing shear rates, particles suspended in the liquid 

will be stretched and turned lengthwise in the direction of flow. Shear can also induce 

irregular lumps of aggregated filler particles to break up, which may help the material to flow 

faster.

After the optimum of perfect orientation or disaggregation has been reached, no further shear 

thinning can be caused by higher shear rates.
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Another reason for shear thinning may be, that solvent layers are stripped from dissolved 

molecules or particles. This means, that the intermolecular interactions causing resistance to 

flow are reduced. For most liquid materials the shear-thinning effect is reversible /39/.

6.2.2 Dilatancy

Substances showing dilatant flow behavior increase their viscosity whenever shear rates 

increase. For Eq. 6-5, dilatant systems show f(y)=0, but N > 1. This type of behavior is due to 

physical and chemical forces of interaction. It is found for example in highly concentrated 

suspensions in which solid particles are mixed with liquids such as plasticizers. The amount 

of plasticizer added is just enough to fill the void areas between these particles. At rest and at 

low shear rates they fully lubricate the particle surfaces thus allowing an easy positional 

change when forces are applied. At higher shear rates, particles will wedge others apart. 1 his 

causes general volume increases and the plasticizers’ share of the total volume decreases. 

They cannot any more fully lubricate the particle surfaces, and the system becomes more 

viscous. Dilatant liquids are quite rare /2/, /39/.

6.2.3 Plasticity

When a yield value is required to overcome some type of structure in the system, it is called a 

plastic fluid. Furthermore, if the system still exhibits Newtonian behavior, it is referred to as a 

Bingham plastic. A Bingham plastic is idealized and seldom found in practice. Pseudoplastic 

liquids such as toothpastes more often feature a yield point. For all these systems, f(y) in 

Eq.6-5 is not equal to zero /2/, /39/.

Plastic fluids can be classified both as solids and liquids. They are mostly dispersions which at 

rest can build up an intermolecular / interparticle network of forces. Forces acting from 

outside, if smaller than those building the network, will deform the shape of this solid-like 

system elastically. Only when the outside forces are strong enough to overcome the network 

forces, the system will collapse. The solid now turns into a flowing liquid /39/.
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6.2.4 Thixotropy

As already mentioned, for pseudoplastic liquids, thinning under the influence of increasing 

shear rates depends on the particle orientation in the direction of flow. Many dispersions not 

only show this orientation, but also a time-related particle / molecule-interaction. This will 

lead to hydrogen or ionic bonds creating a three-dimensional network structure, often called as 

a ”gel”. These bonds are relatively weak and rupture easily, when the dispersion is subjected 

to shear over a longer period of time. The viscosity drops with shear time until it 

asymptotically reaches the level of minimum viscosity for a given constant shear rate. The 

dispersion has now reached its ”sol” status /39/.

Thixotropy is the term used for this time-dependent breakdown of resistance to shear at a 

constant shear rate. In other words, thixotropy describes the potential of a certain liquid to 

have its gel structure reformed, whenever it is allowed to rest for an extended period of time. 

In the flow curve of a thixotropic fluid the ”up-curve” and the ”down-curve” are not on top of 

each other, but there is a certain area - called a hysteresis loop - between these curves. The 

extent of thixotropy is indicated by the size of this loop. Thixotropy is a very important 

feature in paints and also in coating colors 111, /39/.

6.2.5 Elasticity

Elasticity is where the application of constant stress simply produces a constant deformation 

without initiating flow. When the stress is removed the fluid recovers completely and returns 

to its original shape. There is a limiting value of shear stress that can be applied, i.e., an elastic 

limit; once this is exceeded flow takes place and the viscous effects may swamp the elastic 

effects. Fluids that exhibit significant elastic behavior are referred to as viscoelastic fluids 131, 

which will be discussed next.

6.3 Viscoelasticity and Pigment Coating

The majority of fluids of technical importance lie somewhere between liquids and solids in 

their rheological behavior. They are in varying extent both elastic and viscous and are 

therefore called viscoelastic materials.
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While familiar viscosity measurements test the strength of a coating dispersion microstructure 

by subjecting samples to relatively large stresses, viscoelastic measurements at low frequency 

of oscillation reveal the state and recovery of the dispersion due to unperturbed structure at 

small deformations. Dynamic and static viscoelastic measurements at small deformations are 

particularly important when investigating the rheology of concentrated dispersions and 

suspensions with polymeric additives where particle association / disassociation and particle - 

polymer interactions induce formation of an elastic network structure /38/.

Generally, pigmented coatings can be classified as concentrated dispersions. In all dispersions 

Brownian diffusion, hydrodynamic, and surface interactions are commonly present. Brownian 

diffusion is dominant only at dilute dispersions. Hydrodynamic effects originate from 

interactions between ionogenic groups on the surface of particles and liquid layers 

surrounding the particles. Surface effects, on the other hand, represent interactions between 

double layers, adsorbed surfactant, polyelectrolytes, or polymer layers. For concentrated 

dispersions, the hydrodynamic and surface forces are dominant, becoming more important as 

the volume fraction of the dispersed particles increases. Under these forces, the particles 

interact with many-body collisions, their translational movement is restricted, and movement 

in vibrational mode is possible within a distance of about one particle radius. Key-rheological 

properties of concentrated dispersions depend on concentration, the size of particles, their 

surface (or zeta) potential, and the thickness of the double layer surrounding the particles. 

Furthermore, interactions between double and adsorbed layers give rise to so-called 

electroviscous effects that are responsible for viscoelasticity /38/.

The viscoelasticity of a material can be divided into two separable components /45/: The 

elastic or storage modulus, G’, and the purely viscous or loss modulus, G”. The elastic 

modulus derives from the interacting long and short-range forces that form solid-solid and 

solid-liquid structures in the color. G’ is thus the parameter describing the multitude of 

interactions which try to return the color to the structural state it had before any strain was 

applied. The purely viscous modulus reflects the frictional aspect of flow both within the fluid 

phase and between the fluid and the structure of the suspension solids. G” describes the 

potential for absorbing energy, (i) by an irreversible change in the structure which allows flow 

to occur and (ii) during the flow itself.
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6.3.1 The Effect of Viscoelasticity on Blade Coating

Although most steps in production of paper coatings exhibit quite large stresses where shear 

viscosity is important, behavior at areas with small deformations before and after metering is 

dependent on the viscoelastic properties of the coating. Since viscoelastic coatings have a 

fading memory of recent deformations, viscoelasticity can affect leveling and consolidation of 

the coating. The magnitude and rate of recovery after the blade nip are uniquely defined by 

both the formulation and processing speed. Thus, viscoelastic processes may become more 

significant as the coater speed increases /38/.

There have been studies of the flow of the coating color beneath a flexible blade based on the 

limited case of hydrodynamic lubrication approximation for a converging wedge. Although 

paper compressibility and roughness primarily determined the coat weight, it has been 

hypothesized in these studies that the hydrodynamic lift acting on the blade boundary areas 

arises, at least partially, from coating viscoelasticity. In particular, these studies showed that 

the portion of the total thrust of the flow due to viscoelastic normal forces could be 

substantial. However, laboratory coater trials with coatings having the same low-shear 

viscosity but different low-strain elasticity did not yield significantly different coat weights 

/38/.

It has been observed that, although for Newtonian fluids both blade angle and thickness affect 

film thickness, the coating films of highly elastic Boger fluids are independent of blade nip 

geometry /38/. Even conventional coating colors may behave structurally as an elastic solid in 

the case where the shortened timescale of applied strain makes it impossible to destroy the 

inner structure -defined by the flow prehistory upstream from the coating blade- irreversibly 

under the blade itself, which then causes the structure to be retained also in the dry coating 

layer /45/. These results suggest that shear thinning, characteristic of most pigmented paper 

coatings, competes directly with elasticity in the case of viscoelastic materials. For blade 

coating of paper, this is true only for cases where lubrication flow is dominant, i.e., when the 

blade angle is less than 25°. For pure polymeric solutions in blade coating, coated film
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thickness increases due to the elasticity. Binders and additives; such as starch, CMC, НЕС, 

and PVA, added to pigmented paper coatings induce viscoelasticity but simultaneously 

increase shear thinning. Therefore, it is difficult to assess separately the viscous and elastic 

contributions to rheology /38/.

Computer simulations of concentrated spherical suspensions based on Stokesian dynamics 

have shown that shear in the blade tip gap induces an ordered arrangement of particles, such 

that temporary “bridging” between the two boundaries (blade tip and paper) is formed. These 

bridges can develop an additional normal force, which is four times that occurring originally, 

and the bridging frequency increases rapidly with increasing solids content of the coating. 

This mechanism creates a situation similar to the stick-slip condition occurring occasionally in 

extrusion of high molecular weight polymers /38/.

6.3.2 Viscoelasticity and Coating Defects

In addition to the effect on process dynamics, coating viscoelasticity has also been associated 

with the appearance of certain coating defects. Viscoelastic effects are particularly dominant 

in high-speed blade coating of formulations with high solids content, where relatively large 

blade loadings are required to obtain a target coat weight. The connection between 

viscoelastic parameters and the appearance of visual surface coating defects depends to a great 

extent on the coating formulation used, and more precisely on the type and amount of pigment 

and soluble additives. In studies made of this area it has been demonstrated, e.g., that wet 

bleeding and scratches appear when the low-strain elasticity is relatively high. Particularly, 

coatings with cationic starch are highly elastic, probably due to clay flocculation, but the 

elastic structure is sensitive to shear and break down easily to develop excessive shear 

thinning. Furthermore, increasing the molecular weight of CMC seems to increase coating 

elasticity and promote streaking /38/.

The viscoelastic character of pigmented coating formulations can also have indirect effects on 

coating lay and structure, both of which affect the properties and quality of the coating layer. 

The ‘memory’ induced by viscoelasticity at low deformations can dramatically change the
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spreading response of coatings during application. Immediately upon cessation of shearing 

and combined with other forces acting during the fast deformation at the blade nip, the stored 

energy in the coating begins to relax and direct a return to previous state of rest. The 

recoverable strain might be related to coating patterns and defects. In addition, expansion (or 

spreading) of the coating layer after the blade tip due to unloading may promote coverage of 

the substrate. This would be more pronounced for a coating with a more elastic character. The 

leveling-out of blade-induced streaks is another phenomenon that may, to some extent, be 

controlled by viscoelastic properties of the coating. In that case, the characteristic relaxation 

time, which reflects the coating viscoelasticity, must be comparable with the time available 

before the coating layer has been immobilized. Thus the residual width of an initially rather 

broad streak is the higher, the longer the relaxation time. Furthermore, viscoelastic 

formulations have a higher tendency to form stalagmites at the backside of the blade at high 

machine speeds /38/.

Results from these studies, however, indicate that coater runnability does not only relate to 

viscoelasticity, but it is also a function of other parameters, such as steady-shear viscosity at 

low, medium and high shear rates, water retention and immobilization solids /38/.
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7 LUBRICATION IN WET STATE COATING

A coating color typically exhibits pseudoplastic-thixotropic behavior. Its viscosity will 

decrease as a function of shear rate, and a time-dependent structure relationship is present. 

The magnitude of this wet state viscoelastic character is influenced by the manner in which 

the various ingredients of the coating color interact with one another. While lubricants are not 

categorized as true flow modifiers or thickeners, they can impart a profound impact on coating 

color pseudoplastic-thixotropic behavior. Wet state lubricant performance is probably related 

to the change in flow properties that occur, when a metal soap lubricant is present in a 

pigment coating color. Other chemical types of coating lubricants may not appreciably alter 

coating flow /2/.

The viscosity and thixotropy building effects of most metal soaps can aid in improving water 

retention properties of the wet coating, acting to help slow down vehicle penetration in high 

solids starch and starch-latex bound blade and roll coatings. This reduces solids buildup in the 

coating pond and improves the uniformity of desirable rheological properties by reducing 

dilatancy and the subsequent unwanted dry coating defects such as scratches, streaks, pattern, 

etc., that it may cause /29/.

Significant low-shear viscosity increases can be realized in coating colors that contain a high 

portion of a converted starch binder. An explanation for this starch viscosity behavior is based 

upon the fact that starch has a certain affinity for fatty chemical-type materials. This is 

demonstrated by an analogous situation whereby the amylose fraction of starch may 

precipitate when fats and proteins of native starch are present in a starch paste /2/. This 

stearate-starch interaction on coating color flow properties appears to be a function of the type 

of starch as well as the particle size distribution of the stearate. The phenomenon is not 

observed when a polyethylene wax is used as a lubricant /29/. Native cornstarch, which has 

been converted via jet cooking in the presence of ammonium persulfate, exhibits the greatest 

amount of viscosity change. The impact of the calcium stearate particle size distribution on 

coating color flow properties is a complex issue and should be evaluated for each coating
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color /2/. Viscosity effects of various lubricants in two different coating formulations are 

listed in Table 7-1.

Table 7-1. Viscosity Effects of Various Lubricants /29/.

Lubricant (1 % on Dry Pigment)
CPS

Brookfield Viscosity (at 100 RPM)
Formula 1 Formula 2

Control (no lubricant) 760 2200
Polyethylene Glycol ( low mol. wt.) 880 1920
Polyethylene Glycol ( high mol. wt.) 700 2000
Calcium Stearate (platelet) 2160 1840
Calcium Stearate (fused) 2400 2000
Sodium Stearate 3600 1875
Ammonium Stearate Dispersion 3200 1840
Fatty Amide Dispersion 1760 1875
Sulfated Castor Oil 2000 1760
Polyethylene Emulsion 880 1960
Wax Emulsion 960 2000
PEG 400 Monoleate 2800 1840

1. Coating formula 1: 60 5 solids, 90/10 #2 clay / calcium carbonate pigment, all starch 

binder (15 % on pigment), 0,2 % TSPP (on pigment)

2. Coating formula 2: 60 % solids, 50 parts #1 clay, 40 parts high gloss clay, 10 parts ТЮг, 

8 Уо medium viscosity protein and 8 % SBR latex (on pigment), ammonia to pH 9.0, 0.2 % 

TSPP (on pigment)

Several theories have been advanced to explain the occurrence of viscoelastic phenomena. 

These include /2/:

A. Micell Theory: particles in a system are aligned by van der Waals forces. This alignment 

is affected by lubricants and can be broken by shear stress. This is the theory that applies 

to starch rétrogradation and accounts for the pseudoplasticity observed in that system.

B. Lyosphere Theory: A particle has a bound shell of the continuous aqueous phase. When 

the system is subjected to shear stress, this shell is deformed or detached from the 

colloidal particle. It is well known that starch particles, after cooking, have a bound water 

layer. If the presence of calcium stearate performs a competition for this water or for the 

starch molecule itself, an increase in pseudoplastic flow could be explained.
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C. Scaffolding Theory: Mild flocculation occurs which forms a structure within the 

colloidal system. When shear stress is introduced, the links connecting the structure are 

broken. The lubricant affects the degree of flocculation. This theory works quite well for 

poorly dispersed pigments and may also fit if a starch-soap interaction exists.

In affecting the rheology of a coating color, lubricants allow adjustments in flow 

characteristics and per cent solids of the color to suit the type of coating equipment, drying 

capacities, and formulation constituents /26/.

7.1 Coating Color Preparation

Today’s typical coating speeds of >1000 m/min demand that significant volumes of coating 

color be delivered to the coating station in a timely and efficient manner. This has led to the 

development of the continuous batch-type coating makedown system. In this system, liquid 

ingredients can be metered into the process with positive displacement pumps through the use 

of magnetic flow meters /2/.

It is generally accepted that lubricants should be added in the coating color near the end of the 

mixing cycle, after introducing pigment and binder. Most lubricants are easy dispersible into 

water based coatings and need only minimum agitation to give a uniform distribution 

throughout the coating mix. An excess shear on lubricants such as calcium stearate 

dispersions should be avoided, because it may make it more difficult for the lubricant to 

migrate to the surface of the coating after drying, thus reducing its effectiveness later in the 

process /2/. This old migration theory, however, is already questionable. It will be discussed 

more closely in the connection of drying.

Optimum performance is achieved if the pH is adjusted close to the desired level before the 

lubricant is added. The final pH adjustment should always be made at the end of the batch. 

Since lubricants may influence the low shear viscosity, they should be added before the 

coating is thickened. Direct contact of the lubricant with either strong alkali or ionic 

compounds should be avoided /24/. The lubricant should be added gradually into the vortex of 

the mix tank or distributed across the surface of the color in the tank. Lubricants can be added
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at other points in the system, if necessary. Some of these points include introduction with the 

starch or pouring it into the screen during screening /30/.

Lubricants are usually added in the coating color at the level of 0.5 to 1.0 % dry lubricant on 

dry pigment. Higher amounts may be needed, when a lubricant is used for gloss, pick 

improvement or other finish properties rather than for wet state lubricity. The correct amount 

is the minimum that will give the required properties, but many mills use slightly more than 

this minimum as a ”safety factor” or ”insurance” /29/.

7.2 Application and Metering

In each of the coating equipment types currently used, the addition of coating lubricants in 

most formulations has been found advantageous. In trailing blade coatings, for instance, 

lubricants are used to keep the blade lubricated and to prevent buildup or agglomeration of 

coating or fibers on the blade which may cause scratches or streaks in the tinished coating 

/29/.

Hem /26/ has studied two coating formulations applied by trailing blade coater. A typical 

letterpress and a typical offset formula were used that should be representative of trailing 

blade coaters throughout the industry. These formulas were as shown in Table 7-2. Over 50 

additives -mainly lubricants- were tested in each of the two coating formulations.

Table 7-2. Coating Formulations under Consideration /26/.

Parts by weight Letterpress Type (Starch-Latex)
75 Predispersed clay (coating grade)
25 Calcium carbonate (coating grade)
0,2 Tetrasodium pyrophosphate
22 Converted starch (chlorinated)
5 Butadiene-styrene latex 

& water to 60-65 % solids

Parts by weight Offset Type (Protein-Latex)
100 Predispersed clay
0,1 Tetrasodium pyrophosphate
13 Delta protein (low viscosity)
5 Butadiene-styrene latex
2,6 Dicyandiamide (optional)

& water to 60-65 % solids
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Most of the additives were applied at the rate of 1 % (dry) on the dry pigment in both 

formulations. If the additive had an extreme effect on the rheological properties, this rate was 

lessened. The results show that additives can be divided roughly into two classes in respect 

with their effect in rheological properties and coating weight - blade pressure curves of the 

coating color.

In the first class of additives it was shown, that one can get almost the same rheogram at 62% 

solids in the starch-latex coating using one of these additives as one get from a 65% solids 

coating without the additive (Figures 7-1 and 7-2 A). The resulting blade pressure-coating 

weight curve shows that this additive also increases the coating weight at any blade pressure 

setting (Figure 7-2 B). Many additives also produced similar effects in the protein-latex 

formula. Additives that increased coat weight fell into the class of fatty esters, some of the 

soluble and insoluble soaps, sulfonated oils, and some of the fatty nitrogen compounds. Use of 

this type of additive may be of great help to the coater who needs a viscosity modifier to give 

him the desired coat weight. Such an additive may also aid the coater who cannot increase his 

solids enough to give him the desired coat weight. A third user may be the mill whose trailing 

blade coater is limited in controls for adjusting blade pressures to increase his coat weight.

• 6/ «7. SOUPS

BLADE PAESSUAE (PS/)

Figure 7-1. Effect of percent solids on flow properties; starch-latex-clay coating at 29qC 

/26/.
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Figure 7-2. Effect of additives, 62 % solids, starch-latex-clay coating; A) increased flow 

properties, B) increased coat weight - blade pressure curve /26/.

Conversely, several additives in the polyglycol class were found to have just the opposite 

effect. Figure 7-3 A compares the rheogram of the same starch coating at 62 % solids with and 

without an additive of this type. In this case the additive has lowered the flow values and 

moved the rheogram to a more upright position. The blade pressure - coating weight curve of 

these two coatings are compared in Figure 7-3 B, which shows that the additive has lowered 

the coating weight at all blade pressure settings. Another additive in this second class was 

found to exhibit the same effects to the protein-latex coating. It was further found that by 

increasing the percent solids of the coatings with an additive of this type, the same coating 

weight curve could be obtained as that of a lower percent solids control without additive. This 

permits a coater with limited drying capacity to run his coater at higher speeds and obtain the 

same coat weights at higher solids. Also, it allows the user of high viscosity coating to go up 

in solids without adversely affecting his flow properties. This is especially true if a coating is 

very viscous and can be fluidified by the additive.
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Figure 7-3. Effect of additives, 62% solids, starch-latex-clay coating; A) decreased flow 

properties, B) decreased coat weight - blade pressure curve /26/.

A few of the additives tested did not greatly affect most of the flow variables, but did increase 

the yield value, the coefficient of thixotropy and the leveling index. However, it appeared in 

this study that yield value is not an important variable as far as coat weight is concerned at 

normal operating blade pressures, unless extremely flexible blades are used. Furthermore, it 

was concluded that any change in the amount of thixotropy, and therefore the leveling index, 

had little effect on the coating weight unless accompanied by a corresponding change in 

plastic viscosity at high shear. It is also believed that a certain amount of viscosity is desirable 

in order to prevent the coating from penetrating rapidly into the surface of the sheet prior to 

the shearing action of the blade /26/.

In roll coaters lubricants have been found to increase thixotropy, improve leveling, and reduce 

surface and interfacial tensions, thereby reducing pattern formation caused by film splitting. 

Air knife pattern can be reduced accordingly. In size press coatings lubricants also help to 

keep pigment to binder ratios in balance and prevent pigment buildup in size press ponds /29/.



68

During and immediately after the application of the wet coating, some of the vehicle, 

containing adhesive, must migrate into the sheet in order to bind it satisfactorily to the raw 

stock and give satisfactory pick strength. As this function is performed, the coating is 

normally left with a certain amount of weakly bound or unbound pigment at the upper surface. 

This has a tendency to flake or dust off when encountered by the subsequent drying, 

calendering, and finishing equipment /29/.

7.3 Drying

The interaction of the lubricant with the hydrophilic binder was used to formulate the 

lubricant migration theory in coating drying. According to this theory, a lubricant -especially 

calcium stearate- migrates to the surface of the coating in a controlled, dispersed form, so that 

it may perform its lubricating function at the surface. The high melting point ot calcium 

stearate (160°C), which is well above the sheet temperature reached during drying and 

finishing, should enable this migration /29/.

With the contemporary view of coating immobilization after application and drying, a 

migration of a hydrophobic additive through a bound pigment matrix should be greatly 

inhibited. Furthermore, the lubricant would lose much of its well-known plasticizing effect in 

the coating color, if it were migrating to the surface. While a coating lubricant can be found 

on the surface of a coated sheet, too, it could then be better explained by its uniform 

distribution in the coating color matrix 121.

Either of these two views may be right to some extent, but the main point is that some 

lubricants can really be found at the surface of the coating in larger quantities than others. 

Accordingly, these lubricants -like calcium stearate- not only perform a lubrication function in 

the wet state of coating, but also in the finishing processes after drying.
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8 LUBRICATION IN DRY COATING

In providing lubrication at the coated paper surface, lubricants perform probably their most 

important and best-known function. A lubricant can alter the surface slip characteristics in 

order to control or eliminate sticking, picking, blocking and pigment dusting that normally 

occur without its use /2/. A smaller amount of binder is then needed to maintain adequate 

coating strength, which will bring some savings in the raw material costs.

8.1 Elastohydrodynamic Lubrication and the Supercalendering of Paper

Recently, a special type of lubrication phenomenon has gained wide attention: 

elastohydrodynamic lubrication (see also Section 5.2.5). It is the study of hard surfaces in 

contact with elastomers, automobile tire industry being the main developer in this area /2/.

The process of supercalendering paper is another example of elastohydrodynamics. The 

supercalender (see Section 3.6) is a web-finishing machine. It is designed to perform an action 

upon a web of paper such that the surface roughness or nonuniformity is minimized and print 

smoothness is developed. During the process, the pigment binder will flow, resulting in the 

orientation of pigment types with permanent deformation and flow of cellulose and 

hemicellulose /2/.

In supercalendering, the elastomeric, coated paper surface comes into contact with the steel 

rolls and the elastomeric or filled calender rolls. Both rolling and sliding friction have 

coefficients, which are defined as the ratio of the applied force to the normal load force, as 

already stated in Equation 5-1.

For elastohydrodynamic friction, the coefficient is a linear sum of contributing components:

P = Physteresis + Padhesion (8-1)

The adhesion component is analogous to the old welding theory, where the points of contact 

for uneven surfaces between two substances are ”stuck” together and require a certain force to 

pull them apart. In supercalendering, this term would account for the adherence of the paper to



70

the rolls and may be used to explain picking and dusting phenomena. The hysteresis term 

concerns the friction encountered during deformation of the surface. The rough surface will 

deform when it is subjected to high pressure, such as the pressure necessary to compress the 

filled roll of a supercalender. The altered surface character can either elastically rebound to its 

original position or it can remain permanently deformed. The extent of these processes will be 

determined by the viscoelasticity of the material. Mathematical expressions can be derived for 

each component:

/хх/Л
P = Кadhesion

ж
Ун) tanG= К
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V V
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(8-3)

where:

t0 adhesion stress or maximum stress required to break adhesive

binding

H roll hardness

K, K', Ki, Кг constants of proportionality 

tan S viscoelastic loss tangent

G' shear storage modulus

y hysteresis coefficient proportionality constant

P applied load pressure.

The above equations suggest that supercalendering is a rolling friction process with an 

adhesion component. This may best explain the paper web’s release from the calender rolls 

during the surface replication process. An influence on pigment removal or dusting may be 

concluded. The hysteresis component is directly concerned with the supercalendering 

replication process. Replication means that the side of the web that faces the steel roll tends to 

pick up a surface replica of the steel roll surface, while the side that faces the filled roll 

replicates the filled roll surface. This process results in binder flow and pigment orientation 

giving print smoothness and surface gloss /2/.
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In the passage of a paper web through a supercalender, the web receives a push-pull cycle of 

shear at every nip. This is where finishing takes place. Figure 8-1 is a drawing of the internal 

shear strains developed by a filled roll running against a web and a steel roll. The direction of 

fiber ”tilt” implied to the web of paper is the same as inside the filled roll. An analogous 

situation would happen by stopping a car on short grass, which would ”tilt” the grass blades in 

the same direction as the tire cords 111.

INCOMPRESSIBLE CORE

Figure 8-1. Diagram of the internal shear strains developed by a filled roll running 

against a web and a steel roll. Exaggerated penetration and nip width 111.

8.2 Replication and Lubrication

The desired result from the supercalendering process is the replication of surfaces, which was 

explained in the last section. Slippage between a roll and the web surface cannot occur in the 

medium to high-pressure areas of the nip, or the replication would be imperfect or smeared. 

Furthermore all calender rolls require refinishing, and thus their life cycle would be only a few 

hours if slippage occurred 111.

Surface lubrication is required because of the need to maintain or even lower the coefficient of 

friction comprising the hysteresis and adhesion components. Coating a paper can be divided 

into two concurrent processes: filling up the surface roughness and pores with the coating 

color and the destructive action of water on the rawstock. The fact that coating rawstock 

absorbs water and swells during the coating process demonstrates the origin of surface
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roughness and helps explain why lubricants have a major impact during the supercalendering, 

slitting, finishing, and subsequent printing processes 111.

The action of water after the trailing blade of a coating machine is of interest in a discussion 

of the dry state influence of coating lubricants (see Figure 8-2). That is, while a coated sheet is 

realized, the irreversible swelling and possible fiber debonding makes for areas that are rich in 

coating as well as areas that are somewhat deficient in coating. The areas that are rich in 

coating will exhibit significant modulus, as the elastomeric coating will easily deform when 

subjected to the pressures of the supercalender nip. The pigment is sufficiently bonded to the 

fiber. In terms of elastohydrodynamic friction, this coated area will significantly contribute to 

the adhesion component of the surface coefficient of friction. In contrasting fashion, the 

coated areas that are somewhat deficient in coating will contribute to the hysteresis 

component of the coefficient of friction 111. The total surface coefficient of friction comprised 

of these two components should be maintained or even lowered.

A. NO CHANGE
WET COATING LINE

WEAKLY BONDED COATING 
PRONE TO DUSTING DURING 

SUPERCALENDERING

STRESS
RELAXATION

Figure 8-2. Structural model -change in the surface paper structure: no change (A), 

irreversible change (B), and debonding (C) effects after the blade /2/.
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The introduction of a lubricant into polymeric monolayers facilitates the flow of the 

monolayer during compression and allow for surface pressure gradients to relax more rapidly 

and completely. The hysteresis component of the coefficient of friction, then, would concern 

consolidation of the coating matrix and raw stock as a result of overcoming surface roughness 

where pressure gradients occur. The low surface pressure achieved through the use of the 

lubricant strongly suggests that the lubricant molecules penetrate through the polymer strands. 

This would address the adhesion component of the coefficient of friction. The coating matrix 

consolidation step would give rise to a migration of the lubricant to the rolls of the 

supercalender in order to lower the pressure gradients that occur as a result of the surface 

roughness or nonuniformity.

8.3 Paper Friction

Friction behavior is a relevant issue for grades from tissue to linerboard. Coefficient ot 

friction that is too high, too low, or simply inconsistent can be the source of serious problems 

of any sorts. A list of these problems could include such things as /29/, /41/:

• Roll winding and rewind problems

• Crepe wrinkles within the roll

• Roll telescoping during transit

• Problems with web tracking and print registration

• No feed or multiple feed during sheet feeding

• Registration errors in die cutting or converting

• Corrugator’s runnability problems of several kind

• Sliding on conveyor when product should not, and vice versa

• Stack and pallet instability

• Friction buildup and dusting during converting operations, especially supercalendering, 

and printing.
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8.3.1 Controlling Paper Friction

Friction problems arise in a variety of circumstances and from a variety of causes: Relative 

humidity in an uncontrolled environment can change during a short period from less than 50% 

RH to more than 90% RH. Under these circumstances, COF for linerboard can increase 40- 

50%, and that for newsprint can more than double. The most direct solution to this problem is, 

of course, to control the environment /41/.

The paper (or board) may have an inconsistent or low COF due to high levels of post

consumer recycled content or use of a particular filler or coating. While overall properties of 

the paper are good, COF must be raised and controlled to meet runnability or functional 

requirements. The answer here is an anti-skid agent applied late in the papermaking process 

(after the web is dried) or in converting processes. Anti-skids are of two general types: 

polymeric, and colloidal silica or alumina. Effectiveness of these products generally increases 

with rate of application, but only up to a certain point. Along with the benefits there are some 

concerns: misting and dusting, cleanup, presence of VOCs (volatile organic compounds), and 

perhaps health risks /41/.

The effect of lubricants, especially fatty acid compounds, on COF has already become evident 

in several points of this text. According to literature, clean paper fiber has a relatively high 

COF on the range of 0.600 to 0.700. A significant reduction of COF may be caused by the 

presence of fatty acid compounds in the furnish that migrate to the surface of the sheet as 

drying takes place. In some cases this is desirable, in the others undesirable or harmful. In 

order to control the COF, a balance between different chemistries in the paper furnish and/or 

coating must be achieved. One approach to dealing with the problem of low COF is the use of 

certain fillers that can ‘capture’ the fatty acids and hold them within the sheet, preventing their 

collection at the paper surface /41/. In the study of Tompkins et al. /42/ both the level of filler 

and type of filler (PCC vs. GCC) were proven to have influence on COF. Presumably, the use 

of PCC of high levels would lead to less smoothness and higher COF. Also the type of surface 

size (SMA vs. polyurethane), was reported to have an influence on COF.
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8.4 Dusting and Linting of Coated Paper

Dusting is usually found during the calendering or supercalendering step, especially in all 

starch and starch-latex bound coatings, but also may occur during winding and/or rewinding, 

particularly in low gloss, mat finish coating grades, where calendering or supercalendering is 

not required. Even with many all-latex and protein-latex bound coatings when dusting does 

not occur at these points, dust may remain loosely attached to the sheet and build up in offset 

printing press water or ink fountains, manifesting itself as wet or dry picking defects in the 

printed sheet /29/. In the context of printing this phenomenon is usually referred to as linting 

instead of dusting /43/.

Dusting, wherever it is found in the coating, finishing, or printing processes can be caused by 

one or more of the following /29/:

1. Insufficient binder in the coating formulation or at the surface of the dry coating.

2. Excessive penetration of binder into raw stock.

3. Improper coating penetration, insufficient screening, or failure to optimize dispersant 

requirements causing pigment agglomerations low in binder content.

4. Overdrying the sheet so that dry coating moisture content is too low.

5. Slight variations in base sheet machine or coater speed, coating profile, or drying rate 

causing nonuniformities in machine or cross directions which could result in one or more 

of the above mentioned phenomena occurring in indiscriminate portions of the coated 

paper.

Oittinen and Saarelma 111 mention one more mechanism for dust build-up in the context ot 

printing: In sheet-fed offset printing, sheet-feeding problems have a major effect on 

runnability. One reason for these problems is affinity between surfaces, i.e., the tendency of 

sheets to adhere to each other or to the surface of the printing or finishing device as a result of 

friction or static electricity. Since dust consists of electrically charged particles, the 

accumulation of electricity on the paper surface is usually accompanied by the accumulation 

of dust. This may result in problems with the sheet movement. Furthermore, if the electric 

charge of the ink and the paper has the same polarity, worsening of ink transfer and misting of
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ink may occur 111. Of the lubricants, polyethylene glycol (PEG) may impart antistatic 

properties to a coated paper sheet /5/.

Since it is almost impossible to completely control all of these variables, the lubricant is used 

by most mills on a continuous basis so that dusting is prevented and better uniformity is 

insured /29/.
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9 LUBRICANT PERFORMANCE TESTING

All chemicals that are introduced into a coating color have a defined purpose. Before they are 

introduced into the production cycle, however, their performance should be thoroughly 

evaluated with laboratory and pilot-scale equipment. Coating lubricants, while difficult to 

evaluate, are no exempt from this rule 111.

Lubricant performance testing varies in complexity and accuracy for each type of 

performance. Some wet coating properties can be predicted by low and high shear viscosity 

measurements, drawdown techniques and surface tension or contact angle testing. Water 

retention can be checked by gravimetrically measuring pressure-induced water migration /24/. 

However, the dynamics of high-speed coating make correlation of test data and actual 

production performance very difficult. The only way to tell if the lubricant really helps is to 

run it on a pilot coater or full-scale machine. Relative lab tests sometimes indicate 

improvement or detriment by adding or changing the lubricants in the formulation. These tests 

are seldom generally applicable, but may be useful for one property at one mill /30/.

Dry property tests are more easily measured for surface and printing related properties, 

although the effect of lubricants on these properties does not necessarily show if normal 

addition levels of lubricant are used in the coating color. The most important of these 

properties are summed up in this chapter and the appropriate tests methods are listed 

accordingly. Other properties like slitter knife life, and release from drier cans and gloss 

calenders are nearly impossible to predict with lab tests. Consequently, full-scale trials must 

be run to evaluate these benefits /30/.

Converting property improvements are difficult to predict as virtually no performance tests 

have ever been developed. The dry crock test has shown some correlation to calender dusting. 

Sutherland rub test may indicate differences, but have not been correlated with dusting or 

blanket whitening. There are no known laboratory tests for predicting cutter knife or die board 

knife life /30/.
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9.1 Wet State Evaluation

For most coating color formulations, as experienced by the study of Hern /26/, coating 

lubricants influence their rheological and/or viscoelastic properties. Quantification of the 

magnitude of this influence may be made through the use of several different types of 

viscometers /2/. They are available at least in four different geometries: spindle, bob and cup, 

plate and cone, and capillary. In addition to these geometries, a slit viscometer is also under 

development and is already used in the Laboratory of Paper Technology at Helsinki University 

of Technology.

9.1.1 Spindle Viscometers

The workhorse viscometer that the paper industry relies on for low-shear viscosity 

measurement is the Brookfield viscometer. After the introduction of a coating lubricant into a 

coating color, a Brookfield viscosity determination should always be obtained and compared 

with historical data. With the use of calcium stearate, the magnitude of the coating color 

starch- soap interaction can be most dramatic as measured by Brookfield viscosity. The shear 

rate for the instrument is based upon the linear velocity of the surface of the spindle, the shape 

of the spindle, and the distance of separation from the moving surface of the spindle and the 

stationary fluid. This type of viscometry is used routinely as a process control device by all 

mills that manufacture coated paper and paperboard /2/.

9.1.2 Bob and Cup Viscometers

Traditionally, the Hercules high-shear rheometer has been the only bob and cup type 

viscometer that has been used in the evaluation of coating colors. Other manufacturers, such 

as Haake, also supply this type of viscometer. With the advent of computer controlled 

Hercules high-shear rheometer, it is now possible to determine the various components of the 

rheological evaluation. Typically, Hercules rheograms are evaluated through comparison 

practices. Even in the comparison mode, it is a rather easy task to quantify coating color 

rheological behavior /2/.
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9.2.3 Cone and Plate Viscometers

For cone and plate viscometers, changing the small angles of the cone allows for significant 

variation in the shear rates that may be achieved. A relatively small amount oí sample is 

required. High shear rates may be achieved by using extremely small cone angles, but care 

must be taken, as edge effects must be considered so that the point of the cone is always in 

contact with the cone. All cone and plate viscometers can also control temperature with help 

of a computer. All components of the rheological profile may be determined /2/.

9.2.4 Capillary Viscometers

For capillary viscometers, the shear rate is a function of the radius and flow rate through the 

capillary. With this type of instrument, shear rates as high 106 to 107 sec'1 are possible. 

Instruments that utilize gravity and pressure flow are available. All the instruments available 

are computer-controlled so that a total rheological profile is possible 111.

9.2 Pilot and Mill Trials

Before making a substantial change to the coating formulation, mill trials or pilot coater trials 

are recommended to check lubricant performance under actual process conditions. While the 

rheological profile quantification capabilities are significant through the use of sophisticated 

viscometry, high-speed pilot-scale coating trials have the added advantage of introducing the 

rawstock variable into the lubricant evaluation process. Additionally, dry state coating color 

properties may also be evaluated 111. Machine runnability should be monitored at both the 

coater and the supercalender. At the coater, the appearance of the wet sheet surface should be 

observed. Changes in coating holdout and in the number and severity of scratches and streaks 

should be reported. Blade conditions should also be monitored (e.g., whiskering, weeping, and 

blade life). Conditions required at the supercalender to develop the desired gloss level should 

be reported. Also, the extent of dusting, picking, and scaling should be monitored /24/.
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9.3 Tests for the Finished Sheet

Modern, high-speed printing processes have placed numerous demands on the performance of 

coated paper. These demands have necessitated changes in the pigments and binders as well 

as lubricants. While the printer still requires efficiency, economy, and high quality from the 

manufacturers of coated paper, letterpress printing has given way to offset lithographic as well 

as rotogravure printing techniques. Along with the required optical properties of brightness 

and opacity, minimum surface pick strength and water resistance characteristics are major 

requirements for coated papers that are to be printed via offset lithography. For rotogravure 

printed sheets, print smoothness is a major property concern. The use of synthetic latex 

binders provides for better binder flow in order to meet the ever-increasing print smoothness 

and sheet gloss requirements /2/.

Many, if not all of the above-mentioned paper properties can be - at least slightly - affected by 

using lubricants in the coating color. Most of them have already been discussed in the earlier 

chapters of this text. In order to get the picture full we shall now sum up the most important of 

these properties in this chapter. Appropriate test methods concerning the paper properties are 

also listed.

9.3.1 Uniformity

The demand of the printer for a sheet uniformity has been a dominant factor in the growth of 

coating lubricant usage. By improving coating uniformity, e.g., ink print mottle is reduced 

/24/. Although difficult to measure in a coated sheet, uniformity is usually relevant to the 

number of customer complaints. The printer finds extremely difficult to adjust his press room 

conditions to get good printings when the sheet has variations within the same reel /29/.

Print quality and the quantification of any printing test are somewhat subjective. Proofing 

presses that simulate the actual pressroom conditions are best for this evaluation. For pilot-
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scale testing an IGT, PrufBau or similar print testing equipment should be used. These 

printing devices offer test methods that may be unique to the instrument /2/.

9.3.2 Optical Properties

One of the prime functions of the lubricant in the finished sheet is to give improved sheet 

gloss and other closely related property, gloss ink hold-out, to grades of paper and paperboard, 

where some type of furnishing or calendering equipment is used. The lubricating effect on the 

sheet surface is resulting either in achieving higher gloss at the same calendering pressures or 

enabling the sheet to be calendered to the same gloss by using lower calendering or 

supercalendering pressures. This allows higher opacity to be obtained as increased calendering 

has an adverse effect on this property /29/.

Sheet gloss should be measured according to TAPPI Test method T 480 om-92, “Specular 

gloss of paper and paperboard at 75 degrees.” Both Hunter and Technidyne manufacture 

instruments that meet the requirements of this TAPPI Test method /2/. Glossing and 

antidusting effects of various lubricants are listed in Table 9-1. Antidusting effect of 

lubricants will manifest itself in improved wet pick and wet rub properties of coated paper, 

discussed later in this chapter.

Table 9-1. Glossing and Antidusting Effects of Various Lubricants /29/.

Lubricant (1 % on Dry Pigment) ( a ) Gloss (Hunter, 75' ) Dusting Index (b)

Control (no lubricant) 47 10
Polyethylene Glycol ( low mol. wt.) 52 9
Polyethylene Glycol ( high mol. wt.) 49 10
Calcium Stearate Dispersion (platelet) 53 2
Calcium Stearate Dispersion (fused) 53 4
Sodium Stearate 49 5
Ammonium Stearate Dispersion 50 5
Fatty Amide Dispersion 55 5
Sulfated Castor Oil 48 9
Polyethylene Emulsion 54 7
Wax Emulsion 50 5
PEG 400 Monoleate 47 8
Calcium Stearate, Fatty Amide Dispersion 54 4
Calcium Stearate, Polyethylene Dispersion 54 4
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a) Lab Trailing Blade Publication Grade paper; 90/10 #2 clay / calcium carbonate pigment, 

all oxidized starch binder (15 % on pigment); Coat wt.: 4.5-5.0 lb per side ream; 

Calender pressure: 1500 P.L.I. (3 passes).

b) 1 = No dust; 10 = Most dust (heavy ring)

9.3.3 Coefficient of Friction and Related Properties

Lubricants by their inherent nature reduce the coefficient of friction of coated paper and 

paperboard. In most coated grades this effect does not come significant until an application 

rate of 2 % or more dry lubricant on dry pigment is employed. If exceeding this level, 

coefficient of friction can become the limiting factor in lubricant dosage, especially in coated 

board grades, because glueability is adversely affected /29/. Other limitations are listed in 

Section 8.3.

More than one standard has been written for the inclined plane and horizontal plane methods 

of friction measurement /41/. The various standards differ in amount of contact pressure, 

sliding distance, sliding speed, number of slides required, and backing material. 

Unfortunately, tests conducted by conventional methods do not yield consistent results. 

Therefore, based in part on the STFI research /44/, an ISO standard for the measurement of 

paper friction has been prepared. ISO 15359 sets procedures and requirements for:

• Contact-free handling and mounting of the test specimens

• Automatic placement of the sled

• A specified rest time

• A specified ramp time

• Backing materials

• Control of sled twist (yaw)

• Elimination of stick-slip in the sliding portion of the test

• Higher sliding speeds.

These changes should remove the operator as a variable in the test and yield results that are 

much more consistent than those achieved by other methods. Measurements at very low 

sliding speeds conducted by STFI showed that static and kinetic friction values were
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essentially the same. It is evident that there is no inherent kinetic friction value for the 

material tested. Clearly, measures of kinetic friction must always be associated with specified 

contact pressure, speed of sliding, and slide distance.

9.3.4 Pick Strength

Pick strength is the ability of the coated sheet to withstand surface rupture as the ink is applied 

to the moving web. By lubricating the surface of the coated sheet, thereby reducing the 

adhesion of the ink to the paper, lubricants function to significantly increase pick strength. 

This ability of a lubricant can be taken advantage of by using it to upgrade the pick resistance 

of a particular coating or to give improved economies by reducing the binder content 

substantially and adding a small amount of lubricant to overcome the corresponding loss in 

pick strength /29/.

9.3.5 Wet Pick / Wet Rub and Antidusting

Lubricants do not function as coating insolubilizers since they are not normally chemically 

reactive with the binder system. Lubricants do, however, perform a very valuable function - 

particularly in coated offset grades - in significantly reducing wet pick problems as a result of 

dry rub and antidusting properties that they impart. Even though an offset sheet may not dust 

at the calenders or supercalenders, loosely bound pigment particles on the sheet surface abrade 

off into the fountain solution at the offset press and then are redeposited into the sheet and 

show up as printing defects /29/. In order to avoid these defects caused by dusting, regular 

cleaning of the printing press is required. This results in lost production 111.

The best wet-pick test is a lengthy press run on an offset press. For laboratory evaluations, the 

test methods for the IGT print tester fitted with the wet pick test apparatus as well as the 

PrufBau print tester should serve well in the evaluation of wet surface characterization. 

Another instrument that is useful for wet rub testing is the Adams tester which provides a 

static testing of water resistance of coated paper and paperboard 111.
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There are several tests for the presence of dust on the surface of a coated sheet. All are 

subjective in nature and involve abrading the coated sheet by rubbing a black velour paper 

against the surface. The quantification of the pigment present on this black paper is done in a 

comparative manner /2/. Antidusting, COF, IGT and gloss properties of a latex-bound coating 

with different Ca-stearate contents are graphically illustrated in Figure 9-1.

9.3.6 Fold and Bending Resistance

For end uses like magazine covers and high-quality advertising mailers, folding and bending 

of the coated sheet is required. Here the lubricant must function more as a plasticizer 

throughout the coating, rather than as a surface lubricator. A lubricant of choice for these 

particular properties should for the most part remain dispersed in the coating and not migrate 

completely to the surface /29/.

PROTEIN LATEX BOUND COATING

Gloss

— ф 360

320

Anti dusting
COF Q -

CALCIUM STEARATE ON DRY PIGMENT, %

Figure 9-1. Percent of platelet particle calcium stearate dispersion vs. gloss, IGT, 

antidusting, and COF properties in a protein-latex bound coating /29/.
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10 WRITER’S PERSONAL VIEW ON LUBRICANT PERFORMANCE

The goal of this chapter is to form my personal analysis of lubricant performance based 

mainly on the theory already discussed in the previous chapters. I shall make an effort to give 

some guidelines for evaluating currently used pigment coating lubricants or finding new 

potential lubricants, based on the demands set by the pigment coating process and the 

lubrication phenomenon itself. Furthermore, I shall propose some new hypotheses, which 

remain to be tested in the future research of this field. Finally, I try to illustrate the most 

interesting and promising aspects of the lubricant use in pigment coating today and in the 

future. There is one trend above all in the development of pigment coating, which may bring 

the significance of coating lubricants into a completely new level: the speeding-up of the 

coating process by means of increasing the coating solids content.

10.1 Potential Lubricants in Pigment Coating

Ward /1/ has listed some common features for paper coating lubricants, already discussed in 

the Chapters 1 (Introduction) and 4 (Coating Lubricants - Their Properties and Effects). 

According to Hailing /3/, Slade /8/ and Zumdahl /31/there are some further aspects, which 

should be noticed while selecting a lubricant. These features are rather universal and may be 

assumed to apply also to pigment coating:

1. An effective lubricant should be attracted either chemically or physically to the 

surface and thus decrease the real area of contact, and therefore the adhesion, of the 

two rubbing surfaces. For instance, acid groups bond more strongly to the (nylon) 

surface than do the amine groups.

2. It should have strong cohesion energy between the molecules. Therefore a lubricant 

should contain rather -CH2- groups than -CF2- groups, although some evidence has 

been reported that fluorinated material adsorbs more effectively on the surface (of 

nylon) by hydrogen bonding than does, e.g., stearic acid. Similarly, saturated 

compounds outperform the unsaturated compounds, because of the higher cohesion 

energy between their molecules and the resulting high inertness of the compound.
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3. As the chain length of the fatty acid chain increases, viscosity also increases. Thus 

the upper limit of a fatty acid’s molecular weight is set by the flow requirements of 

the fluid in question. The lower limit is set at least by the solubility characteristics of 

the molecule. Coating lubricants should be water insoluble.

4. Organic boundary lubricants break down in high local pressures and temperatures, 

thus losing their lubricating properties. Additives, such as organic Cl- and S- 

compounds, are then needed to make sure of the lubricant performance under these 

critical circumstances. In case of paper making organic Cl-compounds must be 

avoided, but currently used lubricants (mainly Ca-stearate) blended with 

sulfonated/sulfated oil or Mg/Na lauryl sulfate could be interesting in this sense.

The optimum level of the melting point of a pigment coating lubricant is another interesting 

issue. According to Ward /1/ a coating lubricant should not be melted in the heat of the dryers 

in order to remain effective in the coating throughout the entire coating, finishing and printing 

process. Therefore, the relatively high melting point of calcium stearate (160 °C) should be 

beneficial to its lubricating performance. According to the controversial migration theory the 

high melting point of a lubricant enables it to migrate to the surface of the coating in a 

controlled, dispersed form, so that it may perform its lubrication function at the surface. This 

theory might be confirmed by the fact, that many lubricants, such as Ca-stearate, are indeed 

surface-active chemicals, which tend to concentrate on the surface. Whether the surface 

activity really plays an essential role in this phenomenon, should be assessed by further 

studies. On the contrary, Adamson /37/ states that lubricants in deed melt and form films 

enhancing surface smoothness and gloss at supercalender. Anyway, some of the lubricant 

should also remain inside the coating matrix to function as a plasticizer and enhance the fold 

and bending resistance of the coating.
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10.2 Lubricants Affecting Relaxation-Induced Dilatancy and Viscoelasticity

Gane /45/ has proposed a new rheological phenomenon defined as relaxation-induced 

dilatancy. The effect is expected to be generally applicable for all separable, viscoelastic 

suspensions, e.g., coating colors. It is suggested that under conditions of rapid rates of change 

of applied strain, such as are experienced in high speed coating, when in the presence of pulse 

filtration, such as can occur at the surface of a porous substrate, or regional inertial particle 

up-concentration, separation of the free fluid from the solid-solid and solid-liquid associations 

can occur. If the timescale is short enough, it is predicted that, upon cessation of the applied 

strain, the elastically deformed solid-solid and solid-liquid interactions, whilst returning to the 

pre-stress state, will create a transient structure that has insufficient retained free fluid to 

support flow (see Figure Ю-l). It is good to note that also the surface of the coating may 

become dilatant and not just the filtered interface next to the paper /45/.

Relaxation-induced dilatancy 
under pulse dynamics (At->0)

Figure 10-1. The formation of dry deposits caused by relaxation-induced dilatancy /45/.

When water retention aid is added to a formulation, elasticity is inevitably increased and the 

region of relaxation-induced dilatancy is achieved in the material that remains in close contact 

to the stationary boundary of the blade, at the point of the lowest velocity. This resultant effect 

could account for the build-up of dry dilatant deposits at the blade tip. It the dilatant material 

is then forced to break away from the blade boundary, then spitting may occur /45/.

For the future of high-speed coating decoupling of the elastic and viscous components (see 

definitions in Section 6.3) of the coating is needed. Energy loss may then be enhanced through 

more purely viscous systems, where a balance against the applied blade force can be
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developed and an increase in the coupling force between solid and fluid media achieved in 

order to avoid inertial separation -or up-concentration- of the solid particles. At the same time 

water retention under applied pressure pulses should be derived without the traditional allied 

rise in the elastic component to avoid problems such as dry deposits, dusting, dry stalagmites, 

spits and scratches, which, Gane further suggests, form as a result of the proposed, transient, 

relaxation-induced, dilatant structures. Formulations of the future for high-speed blade coating 

in order to generate good blade profiles and to avoid the onset of relaxation-induced dilatancy 

will thus require the development of viscosiiying agents or particle packing systems to 

provide for water retention under pressure pulse conditions and to deliver relatively high 

levels of high shear viscosity without creating excessive elastic structure /45/.

To some up, the relaxation-induced dilatancy is caused by the situation, where an insufficient 

amount of water is available to lubricate the up-concentrated particles of the coating color. By 

adding some lubricant to such coating formulation, the flow might be supported even under 

these circumstances and the coating defects caused by the dilatancy could be perhaps avoided. 

It is good to bear on mind that lubricants used in pigment coating are water-insoluble and 

should usually remain in the coating even with poor water retention. Furthermore, lubricants 

may in some cases even improve water retention without any bridging eifect and subsequent 

elastic structures in the coating. Lubricants could indeed act as those viscosiiying agents, 

which Gane calls for in the conclusions of his study referred above. This hypothesis is well in 

balance with the known lubricant effects, listed in Section 4.1, such as reduction or 

elimination of film split patterning, whiskering (or ”beard” growth), scratches, dusting, 

scaling and linting. As one can notice, they are just the same problems than those associated 

with relaxation-induced dilatancy.
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10.3 Lubricants Improving Blade Runnability at High Speeds

Blade coating at high speeds suffers a physical breakdown in coating color application by a 

number of inter-related phenomena, which, when considered singly, appear to be random. 

Collectively these constitute the problem of blade runnability. There is an increasing problem 

of blade runnability, as machine speeds continue to increase, especially in Europe. In other 

parts of the world, the problems related to blade coating are more traditional such as uneven 

coating and surface scratching. It is essential to expand our understanding of blade runnability 

and related problems. Manifestations of the problem include scratches, skips, dry and wet 

bleeding, streaks, spits, and dry stalagmite formation -or “beard” growth- at the exit from the 

blade nip /46/.

Assuming that zero velocity boundary condition exists under the blade, it is possible that the 

discontinuous behavior at this boundary is one of slip/nonslip. Under nonslip condition color 

must film split at the blade boundary /46/, which is illustrated in Figure 10-2 below.

Figure 10-2. Film split in the coating color under zero velocity boundary condition /46/.

Furthermore, the proposed existence of a slip plane fracture boundary, which can migrate 

from within the coating to the blade boundary, can be expected to show transient behavior 

(transition between two runnability regions). Once such a fracture plane is established, the 

upstream pressure at the entry to the blade acts to extrude coating color, which is associated 

with the static boundary condition next to the blade (see Figure 10-3). So, there seems to be a 

link between blade bleeding/extrusion and the slip boundary within the color /45/. One
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possible mechanism for lubricant function may well be their ability to reduce friction and 

increase slip at the blade boundary thus preventing bleeding and dry stalagmite formation 

from occurring.

Slippage plane separates bleed from coating

süp plane

Figure 10-3. Wet bleeding (or extrusion) caused by a slip plane fracture /45/.

The severity of bleeding -the apparent extrusion of coating color ranging in solids content 

from “wet” to “dry”- does not necessarily immediately effect the coater performance. Spitting 

of color -or “fleas”- associated with the blade extrusion, leads to the deposition of a discrete 

quantity of excess coating on the paper surface. The unwanted coating can be in the form of a 

positive streak or a spray of droplets. Subsequent drying of deposits results in marking in the 

reels and surface damage of calender rolls /46/. According to many Finnish paper makers, the 

experiences of whom I gathered during the years 1997-1999, these particular problems have in 

many cases disappeared by the use of Ca-stearate in the coating color. These experiences give 

at least some support to my hypothesis of lubricant function at the blade boundary suggested

above.
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11 CONCLUSIONS

In this literature survey new approaches to the subject of lubricants and their function in 

pigment coating were made. The utilization of lubricants in ditierent industries and 

applications was shortly discussed in the beginning. Although no comparisons between these 

applications were made this time, it may turn beneficial to the future studies on this area that 

the information about lubricants in different fields was gathered together in this literature 

survey. Quite often we can get a lot of new information and totally new ideas just by 

comparing the solutions in various branches of technology with one another.

Some basic information about pigment coating technology and chemistry was included in this 

study in order to give the reader a full picture of the environment where lubricants should 

function. One cannot study the function of lubricants in pigment coating without 

understanding the exact structure and chemical composition of the coating color. A separate 

chapter dealing with the rheology of the coating color should add to this valuable information. 

Beside the coating color one should also get familiar with the whole production chain of a 

pigment coated paper from manufacturing the base paper to printing the coated - and possibly 

supercalendered - paper in the printing machine. Lubricants interact both with the other 

components of the coating color (and printing ink) and the surfaces of a variety of process 

equipment during the different production steps they need to undergo.

The different types of currently used pigment coating lubricants and their properties were 

listed in Chapter 4. An equally comprehensive list of pigment coating lubricants seems not to 

exist in any other publication so far. The chemistry of lubricant products has also remained 

unclear in most of the publications, so a separate section of the chemistry of lipids was 

included in this chapter. Metallic soaps - especially calcium stearate - and waxes were given 

the main emphasis, since they are the two most common pigment-coating lubricants today. 

Furthermore, there have been attempts to blend calcium stearate with other lubricants and 

additives. Diglycerides - or lecithins - are currently emerging as considerable alternatives to 

calcium stearate and PE-wax at least in North America. They are certainly worth a closer 

study for the European coating markets as well. Polyethylene glycol (PEG) is currently used 

as an additive in a variety of industrial applications, but its suitability for lubrication in
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pigment coating is still somewhat unclear and controversial. Excellent performance in other 

applications, however, should encourage to additional studies associated with pigment 

coating. Triglycerides, i.e. fats, are obviously used as coating lubricants, at least to a certain 

amount, in some U.S. paper mills. Di-acid esters and other new types of fatty acid esters are 

under research and some promising pilot mill trials have already been done in the United 

States.

The effects of pigment coating lubricants - both beneficial and detrimental - were gathered 

together and listed in Section 4.1. These effects are often based on practical experience rather 

than any scientifically defined theory of the lubricant function. The future challenge is to 

verify the exact chemical and physical mechanisms behind their function. That, however, 

seems to dive very deep into the fundaments of physical chemistry and goes partly beyond the 

scope of basic university studies. However, it might be a suitable topic for a doctor’s thesis in 

a well-equipped coating laboratory. A step towards understanding these mechanisms is taken 

in this study by dealing with the science of tribology — the study of friction and wear. These 

two phenomena undoubtedly form the basis of the lubricant function, especially when the 

science of rheology is included in the concept of hydrodynamic friction. Although friction and 

wear are not completely understood by the tribologists either, a lot of research related to the 

lubrication of machinery and engines, for example, is made all the time all over the world. 

Therefore it is very important for a coating researcher, as well, to closely follow the 

development in this field and apply the new findings also to pigment coating, if possible.

Pigment coating lubrication can be divided into two categories: Lubrication in wet state 

coating and lubrication in dry (or semi-dry) coating. Lubrication in wet state coating involves 

hydrodynamic lubrication and boundary lubrication, and occurs when moving pigment 

surfaces are completely or partially separated by a water layer. The lubricants have now 

influence on the viscoelastic character of the wet coating color by altering the manner in 

which various ingredients of a coating color interact with one another. Lubrication in dry 

coating involves both boundary lubrication, where paper surface and process machinery 

contact, and elastohydrodynamic lubrication - in connection with supercalendering - where 

hard roll surfaces are in contact with elastomeric surfaces of coated paper and filled calender 

rolls. In both cases, absorbed films of lubricants reduce friction between the respective 

surfaces. Lubricants then influence the manner in which the pigment particles and other
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materials are aligned with each other after the drying and supercalendering steps. This results 

in improved optical properties of the finished sheet.

Wet coating properties may be partly predicted by low and high shear viscosity measurements, 

draw-down techniques, water retention testing, and surface tension or contact angle testing. 1 

would like to add to this list the viscoelasticity measurements at low frequency of oscillation. 

Furthermore, for blade runnability tests equipment are needed where a pressure pulse can be 

applied to a coating color in contact with a porous membrane such that some small quantity of 

water is expelled. In any case, the dynamics of high-speed coating make correlation of test 

data and actual production performance very difficult. Currently, the only way to tell il the 

lubricant really helps is to run it on a pilot coater or full-scale machine. Even then the real 

effectiveness of lubricants can only be evaluated statistically, in comparing the coated paper 

quality and machine runnability with or without using these chemicals over a longer period of 

time. Usually the benefit must then be quantified in monetary terms, which may be difficult. 

In some cases, however, removing a lubricant from the coating color may end up in customer 

complaints worth of millions of dollars due to increased linting in the printing machine, for 

example. Adding some lubricant to a coating color may then work as a very efficient 

insurance for any paper coater running on the edge between poor and acceptable quality. 

Anyway, lubricants tend to be quite harmless - sometimes even unnoticeable - in most of the 

coating colors.

In my personal view on the subject, some guidelines were given for evaluating different 

substances for their lubricating performance in pigment coating: An effective lubricant should 

be attracted either chemically or physically to the surface and thus decrease the real area of 

contact, and therefore the adhesion, of the two rubbing surfaces. It should have strong 

cohesion energy between the molecules. The optimal chain length must be found to ensure 

insolubility together with low viscosity. Organic Sulfur-compounds could be added to a 

lubricant in order to ensure lubrication performance under high temperatures and pressures. 

The role of the melting point of a lubricant in its lubricating performance still remained 

somewhat unclear in this review and needs to be studied closer in the future.
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Viscoelasticity may serve as an important tool for explaining the exact function of lubricants 

in wet state coating in the future studies. According to my personal theory, lubricants may turn 

the balance of a viscoelastic coating color from the elastic side to a slightly viscous side and 

thus enable the flow of a coating color still in very high coating solids. Together with higher 

coating solids, higher coating speeds may also be achieved, which was actually the initial 

interest of this survey.

In pigment coating there is an increasing problem of blade runnability, as machine speeds 

continue to increase, especially in Europe. Manifestations of the problem include scratches, 

skips, dry and wet bleeding, streaks, spits, and dry stalagmite formation -or “beard ’ growth- 

at the exit from the blade nip. There seems to be a link between blade bleeding/extrusion and 

the slip boundary within the color. Therefore I suggested in my personal view on the matter 

that one possible mechanism for lubricant function may well be their ability to reduce friction 

and increase slip at the blade boundary thus preventing bleeding and dry stalagmite formation 

from occurring. This remains to be verified, however, by future studies of this subject.
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Appendix 1: Lubricants used in tablet forming

Nr Name Abbrevia
tion

Molar
mass

Punch-
force

Ejection 
force ratio

Density Melting
point

Refraction
index

1 Acetophenetidine Phen 179,2 0,75 85 137 1,571
2 Aluminium hydroxide AIOH 78 0,66 175 2,42 300 1,5
3 Aluminium oxide AIO 101,96 0,63 194 3,9653 2072 1,765
4 Aluminium tristearate AlSt 877,35 0,9 18 1,01 103 1,49
5 Anthracene Ant 178,23 0,66 166 1,283 216
6 Beeswax, white Bee 0,89 24 0,95 62
7 Benzoic acid BenzA 122,12 0,71 100 1,2659 122 1,504
8 Boric acid BorA 61,83 0,76 90 1,435 169 1,337
9 Calcium acetate CaAc 158,17 0,65 120 1,5 0
10 Calcium citrate CaCi 498,44 0,69 107 120 1,515
11 Calcium gluconate CaGI 430,38 0,59 291 120
12 Calcium stearate CaSt 607,03 0,94 10 1,04 147
13 Ceresin, white Cer 0,89 22 0,91 61
14 Cetyl alcohol Cetol 242,45 0,9 40 0,8176 50 1,4283
15 Cetyl alcoholA 0,87 50
16 Diglycol stearate Sb DigSt 639,03 0,78 80 0,96 54
17 Distearin DiSt 625,01 0,91 21 79,1
18 Elaidic acid ElaA 282,47 0,9 21 0,8734 45 1,4499
19 Ethofat 60/60C Etf60 0,85 44
20 Ethofat C/60c EtfC 0,78 64
21 Ethomid НТ/бОс, d Etm 0,66 143 1,143
22 Glyceryl monopalmitate MonPalm 330,51 0,89 22 0,95 71
23 Glyceryl monostearate MonSt 358,55 0,9 28 0,9841 55 1,44
24 Glyceryl monostearateB eMonSt 358,55 0,82 50 0,9841 81,1 1,44
25 Graphite Graph 12,011 0,83 53 2,09 3727
26 Hydrocinnamic acid HcinA 150,18 0,67 137 1,071 48,6 1,5
27 Laurie acid LaurA 200,32 0,83 40 0,8679 44 1,4304
28 Lauryl alcoholA Laurol 0,71 71
29 Mg Aluminium silicate MgAISil 0,62 265
30 Mg lauryl sulphate MgLS 278,56 0,88 24
31 Magnesium stearate MgSt 591,25 0,95 8 1,03 86
32 Magnesium trisilicate MgSil 260,91 0,63 200
33 Mineral oil, heavy USPa 0,78 44
34 Mucic acid MucA 210,14 0,61 293 255
35 Myristic acid MyrA 228,38 0,87 38 0,8439 58 1,4305
36 Myristic acidA 0,91 30
37 Myristyl alcohol Myrol 214,39 0,79 55 0,8236 39



Nr Name Abbrevia- Molar Punch- Ejection Density Melting Refraction
tion mass force force ratio point index

38 Pa raffin A Par 0,96 13
39 Peanut protein F Pea 0,73 112 0,91 3 1,466
40 Pectin Pec 0,62 205
41 Polyethylene glycol PEG 4000 0,86 38 1,212 54
42 Polyethylene glycolG 0,61 120
43 Polyvinyl myristate PVMyr 0,82 38
44 Polyvinyl stearate PVSt 0,81 30
45 Propylparaben Proben 180,2 0,8 70 1,063 95 1,505
46 PropylparabenA 0,77 80
47 Silene E. F.h Silene 0,62 225
48 Silica geli SiIGel 0,58 280 2,2
49 Silicone resink Si 28,09 0,6 235 2,329 1410 1,54
50 Sodium benzoate NaBenz 144,11 0,72 103 1,15
51 Sodium chloride NaCI 58,44 0,7 100 2,165 801 1,5442
52 Sodium elaidate NaEI 304,45 0,93 8
53 Sodium laurate NaLaur 222,3 0,91 10
54 Sodium lauryl sulphate NaLS 288,38 0,93 25 1,07 204
55 Sodium myristate NaMyr 250,36 0,91 10
56 Sodium oleate NaOl 304,45 0,92 9 232
57 Sodium stearate NaSt 306,46 0,91 16
58 Sorbitan monostearate SorbSt 430,63 0,85 31 0,98 53
59 Soybeam protein Soya 0,67 127 0,916 26,2 1,4723
60 Starch, corn 2% Star2 0,68 135 1,5 256 1,53
61 Starch, corn 5% Star5 0,7 130 1,5 256 1,53
62 Stearic acid Sta 284,48 0,9 30 0,9408 71,2 1,4299
63 Stearyl alcohol Stol 270,5 0,87 32 0,8124 59
64 Stearyl alcoholA 0,9 40
65 Super flossN SupFlo 0,67 141
66 Talc USP Talc 379,29 0,85 45 2,7 1,539
67 Vermiculiteo Verm 0,63 182
68 Zeinp Zein 3800 0,77 74 1,226 200
69 Zinc stearate ZnSt 632,33 0,94 14 1,09 130
70 Zirconium(IV)oxide ZrO 123,22 0,65 158 5,89 2700 2,13
71 Zirconium silicate ZrSil 183,31 0,63 200 4,56 2550 1,92

Source: Lundstedt, T., Nyström, Å, Kemometri: En ny strategi för val av hjälpämnen vid tablettformulering. 
Kemisk Tidskrift /Kemivärlden, 7 / 98, pp. 23-27.
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