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ABSTRACT

The quality of a pigmented dispersion 

is an important consideration in ink manu­

facture, both in quality control and in basic 

research. A study has been made of various 

aspects of dispersion measurement. The pur­

poses of this work were: 1) to investigate 

qualitatively the relationship between the 

color strength of ink prints and various in­

dustrial measurements of degree of dispersion, 

2) to consider potential new methods of mea- 

surment, and 3) to develop a better theory 

of the process of pigment dispersion. To 

achieve these goals, a series of copper phtha­

locyanine blue dispersions were made using 

commercially available pigments and a standard 

alkyd resin. This experimental work confirmed 

the inadequacy of existing bleach test methods 

and demonstrated the advantages of determining 

color strength directly from prints. This new 
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method was compared with more sophisticated 

colorimetric models based upon Kubelka-Munk 

theory and was found to have potential for 

industrial use.

While preparing the dispersions used 

in the previously mentioned colorimetric 

measurements, experimental data were ob­

tained relating the change of various qual­

ity control measurements (i.e., wet gloss, 

grindometer scratch count, tinting strength 

and transfer properties) to milling time. A 

theoretical model of the dispersion of pig­

ments in process equipment which explained 

these data was derived. This model was 

based on» 1) the assumption that shear- 

induced collisions between particles cause 

dispersion (the mathematics for describing 

such collisions was developed by Smoluchowski) 

and 2) a theoretical model of grinding de­

veloped by Austin. The final model correctly 
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describes the change in the aggregate size 

distribution as a function of milling time and 

correctly predicts the qualitatively observed 

relationship between degree of dispersion, 

pigment loading and dispersion time.
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INTRODUCTION

The improvement of ink properties with 

increasing dispersion times is of basic im­

portance to the ink industry. Inks are commonly 

manufactured in two ways 1 1) they can be man­

ufactured from “dry color*, that is, from pig­

ment in the form of a dry, finely ground powder 

that must be wet with the ink vehicle and dis­

persed; or 2) they can be manufactured from 

"flushed color" which is a dispersion of pigment 

in oil. In general, longer milling times produce 

better inks. This relationship for dry color 

pigments provides an easily controllable process 

parameter, especially when ink is produced in 

sand or ball mills.

"Dry color* is produced by drying the 

filtered products of the pigment synthesis. 

"Flushed color" is produced by displacing the 

water in the filter cake with oil or varnish. 

The "press cake", containing 30 to 80# water, 
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is mixed with oil or varnish. As the pigment 

is wet by the oil (for which it has greater 

affinity), the water is flushed out of the 

press cake. The last traces of water are then 

removed by heat or vacuum (1). With the use of 

either system, both the ink maker and the pig­

ment supplier are intimately concerned about 

dispersion quality and measurement. The degree 

of dispersion can be controlled and must be mea­

sured during flushing and during the final manu­

facture of ink.

Poor dispersions have, in general, lower 

color strengths. In extreme cases, they may 

also contain large pigment particles which in­

terfere with the printing process and may damage 

the printing plate. Furthermore, ink properties 

are determined by the size of pigment aggregates 

rather than by the size of primary particles. 

Nonetheless, the particle size distribution 

(which, in other dispersed systems is synonymous 
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with the term "degree of dispersion") is not 

measurable for most lithographic inks because 

they are too viscous and their pigment load­

ings are too high for convention particle 

size analysis.

Adjusting the properties of an ink to 

allow for such measurement could change the 

size of the aggregates to be measured. For 

instance, diluting the ink to a pigment 

loading at which aggregates would be visible 

using an electron microscope or diluting to 

a viscosity at which centrifugation tests 

could be performed would require both adding 

mechanical energy to the system and changing 

the chemical composition of the vehicle. 

Either method may change the aggregate size 

distribution. Therefore, the size distribution 

of pigment aggregates in inks is not generally 

measured directly. 

An exception is the measurement of the 
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largest aggregates (normally 1pm or more in 

diameter). These can be detected routinely 

by a grindometer (2, 3), Nonetheless, the 

degree of dispersion of a colored ink is most 

often measured by its "color strength* and the 

two terms are frequently interchangeable in 

the ink industry. This ambiguity of terms 

occurs because the color strength (or tinting 

strength) generally increases as the disper­

sion time (and hence degree of dispersion) 

increases. It should be noted that this prin­

ciple is a general rule, not an absolute "law", 

and that exceptions have been reported (4) and 

can be expected from the predictions of Mie 

theory (5). Nonetheless, the general principle 

cited above does hold in the great majority of 

cases (6, 7) and the concept of measuring degree 

of dispersion by measuring color strength is 

well established.

Color strength can be defined broadly as 
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the ability of a colored material, such as an 

ink, to impart its color to a particular white 

medium. Increasing the color strength of an ink 

while holding its other properties constant is 

desirable because the printer can then achieve 

either « 1) a darker color with the same thick­

ness of ink; or 2) the same color with less 

ink. It should be noted that reducing the ink 

film thickness is desirable because that not 

only reduces the consumption of ink but also 

reduces wear on the lithographic plate and 

permits more efficient press operation (8, 9).

The standard method of measuring the 

color strength of an ink relative to another 

ink is the "tinting strength test". In this 

test (such as NPIRI TM-E2) a sample ink is 

mixed with a white paste. The resulting 

bleach is compared visually with a similar 

bleach made from the same white paste and a 

reference ink. This comparison is made from 
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side-by-side drawdowns of the two bleaches, 

Successive bleaches are made by varying the 

ratio of test ink to paste until a match is 

achieved. The result is normally expressed 

as 100 times the ratio of the concentration 

of reference ink to the concentration of test 

ink.

Bleach tests have several inherent 

problems associated with them. First, the 

procedure for preparing bleaches is time-con­

suming and the results are operator-dependent 

Second, the test leaves no permanent record 

other than the operator's written comments 

because the bleach drawdowns age quickly. 

Third, it is a “wet test", that is, it is 

based upon the color of wet ink rather than 

dried ink films. Therefore, bleach tests 

themselves are significantly different from 

the end use of the ink (i.e., printed on a 

substrate) and do not accurately represent 

the ink's color or degree of dispersion in 
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piece of printed matter. A new test that can 

quickly and easily measure color strength from 

printed materials is desirable. Further, be­

cause ink makers normally make sample prints 

("proof prints'*) from batches of colored inks, 

the development of such "printing strength 

test" using proof prints would be easily in­

corporated into their laboratory procedure.

Yet another consideration in ink manu­

facture is the absence of a mathematically 

rigorous theory based on principles of sur­

face chemistry, which can account, at least 

qualitatively, for the relationship between 

pigment loading and degree of dispersion ob­

served in ink manufacture. A mathematical 

treatment has been developed to describe the 

changes in particle size distributions during 

grinding. In Part I, this treatment will be 

applied to develop a model of the dispersion 

of pigment during milling.
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PART I

ABSTRACT

A kinetic model of the process of dis­

persing a pigment in a binder is developed 

assuming that 1) shear-induced collisions 

of aggregates cause dispersion and that 2) some 

aggregates may not break up in the shear field 

encountered in a particular piece of dispersion 

equipment. A system of differential equations 

is proposed which describes the rate of change 

of the aggregate size distribution. The change 

in grindometer scratch count as a function of 

milling conditions is predicted from this 

model and is compared qualitatively to experi­

mental measurements.

Additional measurements were performed 

that establish that gloss readings made on 

grindometer drawdowns could be used as a mea­

sure of the degree of dispersion.
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CHAPTER I

Dispersion of inks as a Rate-Controlled Process 

Introduction

The preparation of dispersions is the 

basic operation in the manufacture of inks, 

paints and many coatings and can be divided 

into two processes 1 l) the wetting of a 

solid (usually a pigment or a filler) by the 

binder or vehicle; and 2) the breaking up 

of aggregates to the desired size (which is 

normally determined by such factors as color, 

viscosity, flocculation rate, size of the pri­

mary particles and the end use of the finished 

material). In the manufacture of printing 

inks from dry color, these two processes can 

be roughly equated to two separate operations; 

premixing and milling. The pigment is wetted 

with binder, typically in a stirred tank, and 

the dispersion of the resulting -premix- is 

carried out in a mill.
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Little research has been done in the 

development of a theoretical model that can 

be used to relate the kinetics of milling 

(that is, the process of converting premixes 

to inks) to pigment surface properties and 

aggregate size distribution. Specifically, 

there have been few attempts to explain some 

of the differences between dispersions pro­

duced from the same ingredients in various 

pieces of equipment or the relationship be­

tween milling time and dispersion "quality" 

(an imprecise term because the aggregate 

size distribution cannot be measured easily). 

Dispersion research has lagged far behind 

the field of grinding in attempting to 

develop kinetic models, even though the 

importance of dispersion rates to the manu­

facturer has long been recognized and has 

been discussed by Vanderhoff (9).

A mathematical treatment has been
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developed to describe grinding (10), a pro­

cess defined as the brittle fracture of large 

particles to form smaller ones. The model is 

based upon the assumption that the rate of de­

struction of large particles (and the rate of 

formation of smaller particles) is proportion­

al to the number of large particles present. 

Austin (10) traces the development of grind­

ing theories and describes, how to predict 

changes in particle size distribution. How­

ever, a model of ink milling must include the 

fact that not all the aggregates of a partic­

ular size may be dispersed under a given set 

of conditions. Therefore, different pieces of 

equipment dispersing the same premix for very 

long times may produce dispersions of different 

quality.

It should be noted that, although the 

phrase "grinding pigment" is sometimes used, 

the process of pigment dispersion is 
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fundamentally different than conventional 

grinding, such as the grinding of stones, 

"Grinding" can be defined as fracturing 

individual particles, often individual crys­

tals or crystallites, usually by brittle 

failure resulting from impact. "Dispersion 

of pigments", on the other hand, involves the 

tearing apart of aggregates of particles held 

together by surface forces. 

That the processes are different was

demonstrated by Taylor (11) in 1959. Using a 

roll mill with a fixed gap setting, Taylor 

first crushed glass beads (a grinding opera­

tion) , then milled a white ink (a dispersion 

operation). The largest glass particles were 

about the same size as the clearance between 

the rolls (typically 20-70 microns); on the 

other hand, the largest particle size in the 

inks was 2 microns. 

Nonetheless, there are obvious 
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similarities between dispersion and grinding. 

First, the same equipment (ball mills and sand 

mills, for instance) can be used for both pro­

cesses. Second, both processes involve the re­

duction of the average size of a collection of 

"units* (either primary particles or aggregates) 

by forming smaller units from larger ones. These 

similarities allow for the use of Austin's mathe­

matical formulism in the treatment of the disper­

sion process. 

Grinding Theory

The development of the mathematical treat­

ment of grinding as a rate process has been 

detailed by Austin (10). An outline based on 

that work will be presented as background material.

Uniform particle sizes rarely occur in 

grinding operations, but rather, a broad range 

of sizes is found. The range of particle sizes, 

from the smallest to the largest, is frequently 

presented in a cumulative distribution curve 

16



similar to that shown in Fugure 1. For this de­

velopment, the particle size distribution may be 

divided into a series of small size intervals 

similar to the size intervals resulting from a 

sieve analysis. It is assumed that the rate of 

breakage of particles in a particular size inter­

val is proportional to the number of particles 

present. Sedlatschek and Bass (12) demonstrated 

that this assumption can be derived from probabil­

ity theory by assuming that breakage results from 

a fraction of the collisions in a grinding opera­

tion. This assumption predicts that the rate of 

breakage can be represented by a first-order dif­

ferential equation analogous to those frequently 

found in chemical engineering reaction kineticsi 

rate of loss from the i-th interval =

S^tt) (1)

where = the specific rate of breakage ( a 

function of the equipment and the 

material being ground).

17



Figure 1 - Cumulative Particle Size Distribution 

(according to Austin (10))
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w^(t) = the amount of material of the 

i-th size interval present at 

time t.

It should be noted that Austin's nomenclature 

and definitions (10) are preserved in this 

chapter.

The rate of change of the number of par­

ticles in the i-th size interval will be the sum 

of 1 1) the rate of loss of particles resulting

from grinding particles in that interval, and 

2) the rate of gain resulting from grinding 

larger particles to form particles in the i-th 

size interval. When considering the rate of for­

mation of i-th sized particles, it is important 

to note that a particle will, in general, form 

several smaller particles as a result of fracture. 

These products of fracture will have a size dis­

tribution ranging from the smallest size interval 

to a size just below that of the original particle. 

The rate of change of i-th sized particles, there­

fore, is the sum of the rate of which i-th sized 
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material is destroyed plus a function of 

the destruction rates of larger particles, 

These effects are described by a differen­

tial equation for the rate of change in the 

amount of material in any size interval. 

This equation is shown in equation 2.

i-1

dw^(t)/dt = j^i' -S^w^(t) (2)

i 1

where j = 1,2 »...,n 

n = the number of intervals 

b. - = the fraction of material in size 
1 » J 

interval j that forms i-sized 

particles after breaking.

It is important to note that for the largest 

particle size the summation vanishes. The re­

sulting differential equation can be solved for 

these largest particles to obtain an exponential 

decay shown in equation 3»

w.(t) ^(0).-^ (3) 
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Derivation of a Model os Dispersion for inks 

In ink research, first order-rates of 

loss of large aggregates have been postulated 

by Schmitz, Kroker and Pluhar (13)» who deter­

mined relative tinting strength as a function 

of dispersion time for several inks, and Zro'll 

(14), who attempted to include the effects of 

reagglomeration of smaller particles into an 

empirical model. These German workers, how­

ever, appear to be unaware of the prior re­

search on grinding processes done in the United 

States. Furthermore, they did not postulate 

a model for the dispersion process or for their 

observations.

Let us assume that the destruction of 

the aggregates is caused by collisions of ag­

gregates with other aggregates. Such a mechanism 

is fundamentally different from the currently 

accepted "tearing-of-aggregates" model of dis­

persion presented by Patton (15) and described 
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by Weisberg (16). Weisberg’s description of 

the dispersion process is reproduced below 1

“Let us examine what forces are 
available in a high speed disperser 
which may be counted on for effective 
dispersion work»... Two kinds of for­
ces are generally claimed for such 
machine-impact and shear.

It is apparent that not both of 
these forces can be effective under the 
same set of conditions. Impact will 
predominate as a means of momentum 
transfer where viscosities and solids 
concentrations are low. This is the 
"slush grind". Shear stresses of any 
great magnitude would be difficult to 
generate in such a system.

At the other end of the spectrum, 
in a system of high viscosity liquid 
phase and high concentration of solid 
phase, high shear stresses could be 
generated but particle-particles im­
pact would be impeded by the protec­
tive viscous layer surrounding each 
particle and each cluster." 
(emphasis added)

Weisberg pointed out that this theory pre­

dicted that pigment loading should not in­

fluence the fineness of grind. This theory’s 

prediction is the opposite of what is observed.

An even more serious flaw in the model, 

however, is its failure to provide a mathema­
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tical relationship between dispersion time 

and aggregate size. According to the 11 tear­

ing model", all aggregates of a certain size 

should be destroyed simultaneously once the 

stress necessary to overcome attractive forces 

holding aggregates together is achieved. The 

amount of time the material spends in shear 

field, therefore, should not significantly 

influence the fineness of grind. According 

to the Weisberg theory, differences in the 

structure of the aggregates, such as are de­

scribed by Crowl (17), would determine the 

minimum shear field necessary to destroy an 

aggregate. Hence, pigment structure would 

cause dispersion quality of an ink formula 

to be influenced by the type of equipment 

used. However, it is difficult, but not im­

possible, to derive the first-order rate of 

change in grindometer readings observed in 

this research and elsewhere (13, 14).
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To justify the hypothesis that aggre­

gate-aggregate collisions are responsible 

for the dispersion of pigments, it is neces­

sary to determine the number of collisions 

cecuring during dispersion, in general, 

there are two sources of aggregate-aggregate 

collisionsi Brownian motion and the presence 

of the shear field itself. Let us first con­

sider the number of collisions which are the 

result of a high shear field. A theory of 

collisions at high shear rates involving col­

loidal-sized particles was developed by von 

Smoluchowski (18), Tourila (19) and Muller 

(20). The outline of their work given below 

follows the description by Overbeek (21).

Let us assume that the aggregates can 

be considered to be spherical in shape. The 

rate of collisions between an aggregate, i, 

of radius r^ and aggregates of radius r^ 

must be calculated. This rate is the number
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of aggregates whose centers are found 

within a "collision volume" of radius 

Therefore, the number of

collisions between aggregate i and ag­

gregates of radius j is the number of j- 

sized aggregates per unit volume times 

the volume of material swept through the 

collision volume by a particle in the 

shear field. Following the nomenclature 

of Overbeek, this number of collisions is 

given by equation 4.

' = w3 £ w 

where J = the number of collisions be­

tween a particle of size r^ and 

particles of size rj

vj= the number of aggregates of 

size rj

r .. = the collision radius = + r.

du/dz = the shear rate in the fluid.
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The number of collisions per second for 

each pigment aggregate in a mill can be es­

timated by assuming that all the aggregates 

are the same size, (typically they are be­

tween 0,03 and 0,3 X), Estimates of the 

shear rate in a roll mill range from 10+^ 

sec (22) to 10*6 gec -1 (23), Assuming 

a 20# solids loading and a viscosity of 300 

poise, the number of shear-induced collisions 

experienced by each aggregate ranges from 

2 to 2,000,000 per second for monodisperse 

systems. Polydispersity increases the num­

ber of aggregates and changes the exact num­

ber of collisions but the order of magnitude 

would remain the same. Clearly, a sufficient­

ly large number of aggregate-aggregate colli­

sions occur in dispersion equipment to influence 

dispersion properties even if only a small frac­

tion of collisions result in the destruction of 

an aggregate,
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The ratio of shear-induced col­

lisions to collisions caused by Brownian 

motion is obtainable. From von Smoluchowski's 

equation (13) this ratio is*

J/I = p (du/dz )/(2kT) (5)

where I = the number of collisions due to

Brownian motion 

= the viscosity of medium 

k = Boltzman's constant = 

1.3805 x 10*16erg/°K 

T = the absolute temperature. 

At 300°K (2?°C = 81°F, a low milling 
. Q 

temperature), this ratio is 9e6 x 10 to 9*6 

x 10+\ Brownian motion, therefore, can not 

cause a significant number of collisions, as 

Patton and Weisberg correctly assumed.

This work postulates that aggregate­

aggregate collision cause the breaking-up of 

aggregates during milling. It is known, how­

ever, that such collision cause flocculation, 
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the opposite phenomenon. Therefore, in order 

to justify the assumption, it is necessary to 

estimate the ratio of the forces involved in 

shear-induced flocculation and in shear-in­

duced dispersion. For equal-sized aggregates, 

this ratio is merely the ratio of the stresses 

involved. The example of shear-induced floc­

culation given by Overbeek (21) involves floc­

culation of an ASgS^ sol with KC1; such an 

aqueous sol has a viscosity of roughly 50 cps. 

Agitation with a stirring rod results in a 

shear rate of, say, 400 sec The resulting 

stress is approximately 20 dynes/cm. A typi­

cal ink with a viscosity of 300 poise being 

milled at the mill conditions described earlier

*7
is subjected to a stress of 3 % iO to 

3 x 10*8 dynes/cm2. Thus, the stress of aggre­

gate-aggregate collisions in a roll mill is 

from 1,500,000 up to 15,000,000 times greater 

than the stresses encountered during floccula­
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tion causing collisions, These collisions 

at high stress therefore, could result in 

vibrational motions within the aggregates 

which are sufficient to cause destruction 

of the aggregates themselves.

These processes can be illustrated 

by an analogy. Consider a boxcar sitting on 

a railroad siding. The couplers on the box­

car are open, but require a minimum impact 

velocity for the coupler to close, because 

of friction in the coupling mechanism. If 

another car strikes the boxcar below that 

velocity, the mechanism will not close, and 

the cars will not couple (analogous to Brown­

ian motion—induced collisions of pigments in 

ink in storage). At higher impact velocities, 

however, the two boxcars will couple (analogous 

to shear-induced flocculation). However, ima­

gine what happens when the boxcar is struck 

by a runaway freight going 100 miles per hour 

(analogous to shear-induced deagglomeration).
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Therefore, a model of the dispersion 

process can be based on the assumptions 

used to derive equation 4. The number of 

collisions due to Brownian motion is unim­

portant because of the value of the ratio 

determined from equation 5» It is possible 

to extend equation 4 to determine the num­

ber of all collisions experienced by a par­

ticle os radius r^.

J -|S vj <Ti + r/ (6) 

3=1
where J = the total number of collisions 

between a particular aggregate 

of radius r^ and all other aggre­

gates.

The total number of aggregates of radius r^ 

undergoing collisions is therefore 1

%i = vi(4/3) / v (r. + r.)3 (7)

3=1
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where Ni = the number of aggregates of ra­

dius T| undergoing collisions per 

unit time. 

The current work assumes that the rate 

of destruction of aggregates of radius r^ is 

proportional to the collision rate, N^, 

is the number of aggregates of radius r^ under­

going collisions, not the number of collisions 

involving particles of radius r^. Therefore, 

each collision between two particles of radius 

r^ is counted twice (because both particles 

could disintegrate as a result of the colli­

sion). Therefore, the double counting of 

collisions between aggregates of equivalent 

size in equation 7 is valid.

The rate of destruction of aggregates 

of the i-th size interval may now be found 

to be 1

dv(d)/dt = vi (4/3) Vj(ri + (8)

j=l
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where dv^(d)/dt = the rate of loss of par­

ticles in size interval

r^ through destruction of 

aggregates

f. . = the probability that a col- 
1 f J 

lision between an i-th sized 

aggregate and a j-th sized 

one will result in the de­

struction of the i-th sized 

aggregate.

Crowl's analysis suggests that the 

difference in the structures of aggregates 

cause different particles of radius i to 

have different probabilities of destruction 

upon collision. One method of including 

this observation into the model is to pos­

tulate that: 1) a number of aggregates are 

"unshearable" in the shear field of the mill; 

and 2) that all the remaining aggregates 

have identical "destruction probabilities"
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j. .. The number of "unshearable aggregates" 
• J

is assumed to be a function of milling condi­

tions. Therefore, the parameter is a 

function of the strength of the shear field. 

Thus, after including Crowl’s observation, 

the rate of destruction of i-th sized aggre­

gates becomes:

dv^(t) 

dt
= (vrv*W3) $

(9)

j=l
where v* = the number of "unshearable ag­

gregates" for the given milling conditions.

Therefore, following the nomencla­

ture of Austin, the complete equation de­

scribing the kinetics of the breaking-up 

of aggregates in dispersion equipment is 

given by equation 10:
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i-1 
X ♦

dw. (t)/dt = \ S.b. ,(w.(t) - w.)
1 y _ J 9 J J J

j=l 
i 1

(wi(^) “ wi) (10)

where w* = the weight of material in the 

i-th size interval that cannot 

be broken down under the given 

milling conditions.

w^(t) = the total weight of material 

(both destructible and inde­

structible) in the i-th size 

interval

Si = 3 /_

3=1

34



S. s the destruction coefficient 
1 » 

for the i-th interval.

It should be noted that this model 

of the dispersion process does predict 

qualitatively the relationship between pig­

ment loading and fineness of grind mention­

ed by Weisberg, The dispersion coefficients, 

S^, are functions of the number of aggregates 

present, (and hence, of pigment loading). 

The rate of change of the number of 

i-th sized aggregates is the sum of the rate 

of their destruction (as given by equation 

9) and the rate of formation from the destruc­

tion of larger aggregates. Of course, the 

weight of aggregates in the i-th size inter­

val is related to the number of such aggre­

gates assuming spherical aggregates, this re­

lationship is expressed in equation 11.

w^(t) = vi(t) d^ r^ (11)
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where d. = the pigment density.

In order to illustrate the changes

in particle size distribution that are pre­

dicted by this model, the system of equa­

tions described by equation 10 was integrated 

numerically for five size intervals. The con- 

distions were 1) a shear rate of one million 

sec -l and 2) a loading of 20% of pigment by 

volume equally divided among the five intervals 

For purposes of calculation, it is assumed 

that initially equal volumes of aggregates 

are found in five size intervals of radii 

0.011, 0.0005, 2.5 x 10“\ 1.25 x 10'4 and 

6.25 x 10-5 cm. The probability of colli- 

—7 ■
sion (f. .) is assumed to be 10 and it 

i » J
is assumed that upon collision aggregates 

form eight aggregates of the next smallest

size (b. = 8, all other b. j = 0) 
i » J

The results of this integration are shown 

in the figure 2. Note that aggregate ra­

dius has a great influence on the rate of
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change of the percent of total pigment 

volume in a size interval. Large aggre­

gates , because of their larger collision 

volume are broken more quickly than smal­

ler aggregates. Note also that it is pos­

sible for some aggregate sizes to increase, 

although this increase is only temporary 

for all but the smallest aggregates.

For the current work, the rate of loss 

of the largest particles can be calsulated. 

For the largest interval, equation 12 yields 1 

w^ (t) = (w^ (0) - w*) e-3^ + wT (12)

Thus, the form of the equation describing 

the rate of a dispersion process will be 

similar to equation ): however, it is theor­

etically possible to define in terms of the 

surface properties of the pigment-binder sys­

tem. Furthermore, equation 12 predicts that 

some aggregates of the largest size remain 

after milling for infinite times.

38



Relationship Between w^ and the Grindometer 

Scratch Count

It should be noted that the amount of 

material in a given size interval is not iden­

tical to the familiar scratch count reading 

obtained from a grindometer (13, 14). The 

term w^t) represents the amount of material 

of the largest size which is present after a 

milling time, t. The grindometer reading, on 

the other hand, represents the diameter (in 

pm) for which a given amount of material (mea­

sured by scratch count) is present. This dif­

ference is illustrated in Figure 3. The num­

ber of particles of a particular size is 

plotted as a continuous function of particle 

size. The area under the curve and bounded 

by the line labeled 11 (the lower limit of 

size of the largest interval) is related to 

w^ (more precisely, the area under the curve 

represents the total number of particles in
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Figure 3 - Sample Calculation Showing the 
Change in Volume Fraction of 
Size Intervals as Milling 
Progresses
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the largest interval and represents the 

weight of particles in the largest interval: 

however, these two terms are related by 

equation 11. The scratch count, on the other 

hand, corresponds to the horizontal line 

labeled scratch count. As the milling pro­

ceeds, the particle size distribution shifts 

from the solid line to the dashed line, causing 

the grindometer reading to fall from the ini­

tial value Gq to a final value of G^The value 

of w^ changes to a final, finite non-zero 

value, w^oo) which is equivalent to w^ and is 

a function of milling condition. Although the 

grindometer readings and the w^ term are funda

mentally different, it is true that if the term 

w. approaches zero at infinite times then so

must the grindometer reading. Furthermore, it 

follows that if the grindometer reading does 

not approach zero, then there must exist par­

ticles which are not destroyed under a parti­

cular set of milling conditions and G^is not zero.
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Thus, even though the previous analy­

sis demonstrates that grindometer readings 

and are not identical, it is possible to 

assume that equation 2 implies that an expo­

nential equation can approximate the relation­

ship between grindometer readings and milling 

time, or, for a three-roll mill, between 

grindometer reading and the number of passes 

through the mill, Indeed, this relationship 

has been confirmed by experiment. Thus, equa­

tion 13 approximates the change in scratch 

count predicted from equation 12.

G» - <=o " 'I?'

where Gn = the grindometer reading after the 

n-th pass

Gq = the grindometer reading after no 

passes (to be determined from ex­

periment)

Gœ = the grindometer reading after an 

infinite number of passes (to be
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determined by experiment) 

n = the number of passes 

k = the rate constanti the "milling 

rate" (to be determined experi­

mentally) . 

Experimental 

Materials

Several commercial phthalo blue pig­

ments were received from various manufactur­

ers, as well as a sample of "crude" (i.e. 

non-pigmentary grade) pigment. These were 

used in the study and are listed in Appendix 

B. The dispersibility of the pigments ranged 

from "easily dispersible" to "difficult to dis­

perse"; however, it is important to note that 

dry copper phthalocyanine is, in general, 

harder to disperse than most other pigments 

(which may account for the failure of earlier 

studies to observe non-zero values of , 

The binder was a commercial alkyd resin from
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Superior Varnish Corp, (batch 9903)• After 

dispersion, 1/M of a 6# cobalt blue drier 

(obtained from Mooney Chemicals) was added 

to facilitate printing for latter tests. 

Preparation of Dispersions

The first set of inks were prepared 

using a small (1/8 h.p.) Hermes dissolver 

and a Fritch 2-1/2 x 5-inch three-roll mill. 

Inks prepared in this equipment were subse­

quently used in printing tests described in 

other sections.

Weighed amounts of pigment and var- 

•■6 3 
nish were placed into a 500 x 10 m (500 

ml) stainless steel beaker in a 1:4 pigment­

binder ratio and then “pre pre-mixed" so that 

no loose dry pigment would be in the beaker 

when the actual pre-mixing began. This pro­

cedure was followed because large amounts of 

dry pigment would create a cloud of pigment 

when the dissolver was turned on, thereby 
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changing the concentration of the premix, 

as well as creating a possible health haz­

ard and a clean-up problem.

The impeller on the dissolver was ap­

proximately 0.05 m in diameter, and the di­

ameter of the beaker was approximately 0.08 

m. The NPIRI Color/Money Committee recommend­

ed that the ratio of beaker diameter to im­

peller diameter be about 2 tl. The power for 

the dissolver and hence the control of the 

impeller speed was supplied by a Variac. The 

beaker was placed under the dissolver and the 

impeller of the dissolver was lowered to the 

bottom of the beaker, then raised about .0125 

m (1/2 inch). Finally, with the Variac set­

ting at 0, the dissolver was turned on. Then, 

the Variac setting was slowly increased to a 

setting of 60 (again, in order to prevent the 

dispersion from leaving the beaker). Increas­

ing the setting beyond 60 caused the formation 

of an air pocket around the impeller, with
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very little mixing. The material was pre­

mixed at the setting of 60 for 300 sec. (5 

min.). The final temperature was noted.

The ink was then milled on a 112-1/2 

x 5-inch" Fritch floating three-roll mill.The 

dimensions of the rolls are 0,0635 (2-1/2*) 

diameter and 0.127m (5") length. The roll 

speeds are 1.6? rev/sec (100 rpm), 3*33 rev/ 

sec (200 rpm) and 6.6? rev/sec (400 rpm), the 

fastest roll being the take-off roll. The mill 

is water-cooled; exit temperature of the water 

was controlled at 16°C ± .5°. Mill pressure 

was controlled by varying the compression of 

springs mounted on the rear of the mill. Uni­

form, constant mill pressure was achieved by 

always tightening these springs to the same 

location. The exact force on the rolls, how­

ever, because the spring constants were deter­

mined.

In principle, mill operation is simple, 
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Premixed dispersion is poured into the “bank” 

of a mill (see Figure 4). The premix is drawn 

through the "nip" by the two moving rollers 

that form two sides of the bank. Then, the 

material passes through a second nip and is re­

moved at the take-off blade. The rolls are 

forced together by pressure and the*nip clear­

ances are maintained by the viscosity of fluid 

drawn through the nip. Premix is prevented 

from running out the ends of the bank by 

wedge plates near the ends of the rol­

lers. These plates are made of either wood or 

a soft metal (such as brass) in order to pre­

vent damage to the steel rolls. The rolls are 

hollow and water cooled. Mill temperature, 

which is critical in ink manufacture, can be reg­

ulated by controlling the amount and tempera­

ture of cooling water.

In the first dispersions produced in this 

series, the mill was "run dry" at the end of a
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run, that is, the entire amount of ink in the 

bank was milled. At the suggestion of Dr. A. 

C. Zettlemoyer, this procedure was changed to 

allow some premix to remain in the bank at 

the end of the first pass. It is thought 

that the ink which remains on the mill as a 

result of this procedure contains very large 

aggregates that cannot pass through the nip. 

However, no noticeable difference in the prop­

erties at the finished dispersions could be 

attributed to this change in procedure.

After milling, the ink was tested by 

making two grindometer drawdowns following 

standard procedures and two- and four- 

scratch readings were made (3,24). In the 

later batches, the "mottle point" (defined in 

Chapter 2) was also determined (25). 70° gloss

was also measured at 6 points on each draw­

down using a Hunter glossmeter. Lastly, about 

0.2Æ by weight of 6# Cobalt blue dryer was
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stirred into the ink with a spatula. Suc­

cessive inks were then made at 3« 5, 10» 

25 and 50 passes starting with the single­

pass batch.

A second series of inks was prepared 

using a Hoover Automatic Muller. A muller, 

which consists of two glass plates, one of 

which is rotated by an electric motor, was 

operated as follows: Ink is placed in an 

annulus of about half the radius of a plate. 

The two plates are then forced together by 

weights. The motor is turned on. The number 

of revolutions of the rotating plate can be 

controlled. In practice, after 50 revolu­

tions of the plate, the ink has spread to the 

edges of the plate and must be returned to an 

area about 5 cm from the center of the plate.

The above process was followed until 

the desired number of revolutions was reached. 

At the end of the process, grindometer scratch 
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count readings and gloss measurements of the 

ink on the grindometer were determined. De­

tails of the use of grindometer and gloss­

meters and further analysis of the measure­

ments are provided in the next chapter. 

Results

The grindometer readings for disper­

sions produced on the three-roll mill are 

shown in Figure 5 and readings for those 

produced on the muller are shown in Figure 

6, The grindometer readings approach a non­

zero limit at increased dispersion times. A 

sophisticated statistical analysis is of du­

bious value for these data because of the 

sizable errors associated with the grindo­

meter reading. However, it is evident on 

visual inspection that at least two of the 

dispersions produced in the Muller have 

reached a grindometer limit after about 300 

revolutions. The results for the roll mill
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Figure 5 - Grindometer Scratch Readings for 
Inks Prepared on Three-Roll Mill 

(four-scratch readings)
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reveal a similar trend. Also,note that the 

value of the final limit of the grindometer 

reading depends, in part, upon the disper­

sion equipment used to make ink as well as 

the pigment and the binder.

There are several alternative models 

for dispersion kinetics which might explain 

the results shown in Figures 5 and 6 ; how­

ever, none appear to describe these observa­

tions as well as the rate theory presented 

in the previous section. It is possible, 

for instance, that the value of Gœrepre­

sents large primary particles rather than 

aggregates. This possibility seems unlike­

ly, however, because the experimental evi­

dence indicates that the final value of 

is dependent upon the piece of equipment used 

in preparing the dispersion. Such an obser­

vation would be unlikely if represented 

crystals.
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Another suggested theory is that the 

primary particles may not have time to sep­

arate in the roll mill because fluid in roll 

mills is subjected to high stress for brief 

periods of time only. Therefore, the limita­

tion on aggregate size is a dynamic constraint 

that for deagglomeration the primary parti­

cles must be separated by some distance great­

er than that of the surface energy repulsive 

barrier before the shear stress if removed. 

According to this explanation, the difference 

in values of for different pieces of equip­

ment can be accounted for by the difference in 

residence times in the areas of highest shear. 

This theory fails, however, because it pre­

dicts that the Muller, which continuously 

shears material at low shear, should produce 

better dispersions than the roll mill which 

subjects material to very high shear for 

very brief periods of time. The experimental
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results show the reverse to be true.

Herbst's Experiments

Experiments by Herbst (6) also appear 

to confirm the presence of unshearable ag­
* 

gregates that cause non-zero values of w^ , 

Herbst measured various ink properties ((1) 

gloss of prints, (2) depth of shade of inks, 

and (3) viscosity of inks) at various disper­

sion times and milling conditions. Part of 

his results are shown in Figure 7. For a 

given dispersion, Herbst prepared ink on a 

three-roll mill at a constant pressure for 

extended times. The viscosity and depth of 

shade clearly reach a limiting value. At 

that point, he increased the mill pressure, 

making the milling conditions more severe. 

The gloss of the prints then improved until 

a new, higher level of gloss was achieved. 

Mill pressure was then increased and the 

gloss value increased to a higher limit.
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Figure 7a - Influence of Dispersing Conditions for Letter 
Press Inks on Ink Viscosity (Reproduced from 
Herbst, Figure 9 in ref. 6)
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Figure ?b - Influence of Dispersing Conditions for Letter 
Press Inks on Depth of Shade (Reproduced from
Herbst, Figure 9 in ref, 6)
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Figure 7c - Influence of the Dispersing Conditions 
for Letter Press Inks on the Gloss of
the Prints 
(Reproduced from Herbst Fig. 10 Ref. 6)
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Each increase in mill pressure meant that 

"harder" aggregates could be destroyed, in­

dicating a value of . Once all the aggre- 
* 

gates between the old value of w^ (associated 

with the lower pressure) were destroyed, ad­

ditional milling proved fruitless. There­

fore, Herbst's measurements appear to confirm 

that there exists a broad range of critical 

stresses necessary to destroy equal-sized ag­

gregates. 

Conclusion

The kinetic model of the dispersion 

process predicts that the final degree of 

dispersion depends on pigment and binder prop­

erties and also the shear rate. This rate 

determines the maximum stress achieved in 

the milling operation thereby affecting Gæ . 

This prediction differs from the model of 

Schmitz (13) in which all particles are as­

sumed breakable. According to his model, 

the ultimate grindometer reading (G^ is
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zero. The model can serve as the basis for 

analyses of grindometer readings.

Unlike grinding, in which the prop­

erties of the material tend to be uniform 

for a given size, dispersion involves ma­

terial with a wide range of strength char­

acteristics. Dispersion conditions influ­

ence both the rate at which large aggre­

gates are destroyed and also the number of 

large aggregates which can be destroyed. 

Therefore, the importance of maintaining 

proper milling conditions cannot be overem­

phasized. Further, the disappearance of the 

largest aggregates does not imply that the 

"ultimate dispersion" has been achieved 

with the given equipment; material which is 

capable of being broken up can remain in 

intermediate size intervals. In conclu­

sion, the collision model of dispersion 

which has been presented and confirmed by
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experiments can be used to ezplain a) the 

differences among types of dispersion equip­

ment, and b) the effect of increased mill­

ing time.
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CHAPTER 2

Using the Gloss of Wet Grindometer Drawdowns 

to Measure the Degree of Dispersion 

Introduction and Background

Currently, there are two accepted ways 

of analyzing grindometer drawdowns t 1) the 

scratch count method recommended by NPIRI 

Test Methods (26), and ASTM (27); and 2) the 

mottle point method recommended by DIN (22) 

and an alternate ASTM procedure (23). The 

work presented in this chapter indicates 

that the gloss of wet grindometer drawdowns 

may be used as another means of determining 

the fineness of grind. The advantages of 

using gloss are the rapidity, simplicity and 

reproducibility of the method. 

The measurement of fineness-of-grind 

degree of dispersion is of great importance 

to the ink, paint and coatings industries be­

cause this property of the final dispersion 

63



greatly influences the effectiveness of the 

finished product. Therefore, quick and ac­

curate measurement of dispersion "quality” 

is an important goal in this field of re­

search. However, since the initial work in 

the late 40's and early 501s which developed 

grind gages, (3, 29-32) little has been re­

ported on new methods of using this tool to 

measure dispersion "quality", yet work is 

often reported in which grindometers have 

been used as measurement tools.

The NPIRI Production Gridometer is 

a machined block of metal with twin draw­

down paths (see Figure 8). The depth of 

each path decreases uniformly from a maxi­

mum of 25 x IO*5 m (1 mil) at the "10” tick 

mark to a depth of zero at the zero tick. 

Tick marks at the side of the path indicate 

the depth at that point. A drawdown is 

made by placing an amount of ink at the
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Figure 8
NPIRI Production Grindometer Showing 

Methods of Reading Grindometers
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deep end of each trough. Holding the draw­

down knife vertical and behind the ink, an 

operator slowly draws the blade (and the ink) 

down the path (and toward him). The surface 

of the remaining ink in the trough can then 

be examined for fineness-of-grind measurements.

Although the method of making drawdowns 

is standard, the dimensions of the grind gage 

and the techniquies of analyzing the ink in 

the trough do vary. As has already been men­

tioned, NPIRI and ASTM recommend counting the 

number of scratches formed by aggregates 

trapped between the drawdown blade and the 

path. The depth of the path where N scratches 

occur is the N-scratch grindometer reading. 

Therefore, the first path in Figure 8 would 

have a two-scratch reading of 4 and a four- 

scratch reading of 2.5 corresponding to path 

depths of 1.02 x 10“$ m (0.5 mil) and 0.6)5 

x 10“$ m (0.25 mil) respectively (it is 

recommended that scratch readings be taken
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for four and ten scratches). Mottle, which 

is caused by smaller aggregates that dis­

rupt the smooth surface of the ink, increas­

es as the path depth decreases, DIN and 

others (25, 29) define the "mottle point" 

as the depth of the grindometer path at which 

the mottle becomes pronounced. The second 

path in Figure 8 has a mottle point of about 

5. Corresponding to a path depth of 1,2? x 

IO”5 m (0.5 mil). Of course, in practice, 

mottle and scratches occur together, rather 

than as shown in the figure. The mottle 

reading, furthermore, is highly subjective. 

There is no marked change in the amount of 

mottle present at various depths, but rather 

a gradual increase in mottle occurs over the 

length of the grindometer path.
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Procedure

Measurements were made on wet draw­

downs made on a NPIRI Production Grindo- 

meter using an Adco Scraper, For each ink 

tested, two separate drawdowns were made 

on the same gage. The gage was cleaned with 

solvent between readings. Four- and ten- 

scratch readings were made for each path, 

along with gloss measurements at the three, 

five and seven tick marks corresponding to 

path depths of 0,762 x 10"^ m (0.3 mil), 

1,2? x 10*5 m (0.5 mil) and 1.78 x 10~$ m 

(0.7 mil). In general, inks made on the 

Hoover Automatic Muller had four-scratch 

readings greater than ten and the inks pro­

duced on the mill did not have a ten-scratch 

reading so that only one of the two readings 

was made for each ink. Gloss measurements 

were made using a Gardner Multi-Angle Gloss­

meter and later using a Hunter 75° Gloss­
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meter (the change in equipment was forced 

by the mechanical failure of the first in­

strument) . The average of the four four- 

scratch readings and the average of gloss 

readings at all three depths were computed. 

The gloss of an ink was based upon the av­

erage of all twelve gloss readings, 

Results

Plots of gloss versus dispersion 

time for the inks described in Chapter 1 

are shown in Figures 9 and 10. The over­

all gloss measurement of wet drawdowns in­

creases with increasing dispersion times 

for this series of copper phthalocyanine- 

based pigmented dispersions. This result in­

dicates that the number of aggregates caus­

ing loss of gloss was reduced as dispersion 

proceeded.

Unusual results were achieved when 

crude (non-pigmentary grade) copper
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Figur, 9 - Influence of the Number of Mill Passes 
on the Gloss of Wet Grindomete* Draw­
downs of Dispersions Made From fhree 
Commercial Copper Phthalocyanine Pigments
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Figure .10- Influence of Muller Revolutions on 
the Gloss of Wet Grindometer Draw­
downs of Three Dispersions Made 
from Commercial Copper Phthalocy­
anine Pigments
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phthalocyanine was dispersed in the alkyd 

varnish using the three-roll mill. As can 

be seen from the graph (Figure 11), gloss 

actually declined as dispersion time in­

creased. This result must be interpreted 

in light of the extremely weak tinting 

strength of the poorly milled dispersions. 

After short milling times, the ink was too 

weak to hide the metal underneath it. Af­

ter longer milling times, the ink became 

stronger, and, consequently, the color of 

the path became darker. Therefore, the ap­

parent gloss decreased at longer milling 

times for this pigmented dispersion.

Indication that the gloss-reducing 

aggregates are of different size than those 

aggregates which cause scratches is that 

gloss measurements made on dispersions of 

different pigments did not correlate with 

grindometer readings (Figure 12). Plotted
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Figure 11 - Influence of the Number of Mill Passes 
on the Gloss of Drawdowns of "Crude" 
(non-pie:mentary) Copper Phthalocyanine 
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Figure 12 - Lack of Correlation Between Crindometer 
Wet Gloss and Grindometer Scratch Read- 
inp; for Dispersions of Commercial Pig­
ments
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in Figure 12 are the scratch readings and 

overall gloss readings for several disper­

sions. As can be seen from the figure, 

there exists very little relationship be­

tween the two measurements, indicating 

that, the number of very large (scratch­

causing) aggregates is not necessarily re­

lated to the number of smaller (gloss-re­

ducing) aggregates. This result should 

not be surprising because the original 

aggregate size distributions were probably 

not identical. Using the terminology adopted 

in Chapter 1, the scratch-causing aggregates 

must be considered as a different size in­

terval from the gloss-reducing aggregates.

Forty gloss measurements of inks 

made with different pigments and the same 

binder milled from 1 to 50 passes were 

subjected to student's t test (33)» These 

measurements are shown in Appendix A. Anal­
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ysis of the differences between an ink’s 

gloss at the grindometer levels indicated 

that there was no statistically meaningful 

difference between the 5 and 7 grindometer 

level gloss readings; however, the gloss at 

the 3 level averaged 0,7% higher than the 

other readings, as shown in Table 1, This 

difference was significant at the 99% level. 

It is believed that, at this thinner path 

thickness, the films were not sufficiently 

thick to completely hide glossy metal at 

the bottom of the path*
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TABLE 1

Student's Values for Gloss Measurements of

Drawdowns of 40 Dispersions

The gloss measurements further confirm

Testing the Significance 
of the Differences Be­
tween Gloss Levels t

t Need for 
Significance

3 and 5 7.16 ±2.02

3 and 7 4.54 ±2.02

5 and 7 .22 ±2.02

the presence of hard-to-disperse aggregates 

that were postulated in the previous chap­

ter and whose presence was indicated by grind- 

ometer scratch readings. The difference in 

final values of gloss of the inks made from 

commercial pigments provides this confirma­

tion. If there were no hard-to-disperse ag­

gregates, then the amount of gloss-reducing 

aggregates would approach the same value 

(zero) for all commercial pigments, and the 

final gloss at long dispersion times would 
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approach the same value (zero) for all com­

mercial pigments, and the final gloss at long 

dispersion times would approach a value cor­

responding to the complete absence of aggre­

gates and dependent only on the vehicle's 

gloss.

Influence of Mill Temperature on Gloss

As can be seen from the experimental 

results (Figures 13-a, l^b and 14), increas­

ing the milling temperature improved the 

dispersibility of pigments, confirming the 

earlier results of Herbst (7). (Mill temp­

erature can be controlled by controlling the 

temperature of the cooling water).

This result is especially marked for 

crude copper phthalocyanine dispersions (Fig­

ure 14). Mill temperature increases cause 

decreases in the rate of loss of gloss and 

the final gloss value. For this dispersion 

lower gloss readings are indicative of better

78



Figure 13 a - Influence of Mill Temperature 

On The Gloss of Drawdowns of 

Commercial Pigments After One 

Pass Through a 3 Roll Mill
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Figure 1] b - Influence of the Number of Mill Passes 
on the 70° Gloss of Drawdowns of Dis­
persions Prepared from Commercial 
Pigments
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Figure 14 - Influence of Mill Temperature on the 
Gloss of Dispersions of Crude (non- 
piamentary) Copper Phthalocyanine
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dispersions. For dispersions prepared from 

commercial pigments, the relationship is 

less clear. After one pass, the glosses 

of both pigments tested clearly increases 

at increasing temperature. However, the 

gloss of dispersions milled at 46°C reveal 

a slight loss, or possibly pass through a 

minimum gloss value. This result can be 

explained as the combination of an increase 

in hiding power (as with the crude disper­

sions) at better pigment qualities and an 

increase in gloss itself. This result as 

well as the gloss of the "crude" dispersion 

indicates that gloss readings must be in­

terpreted with care and comparisons between 

dispersions must also include a measure of 

the inks' color strength.

Mill temperature affects two factors 

that influence gloss. As the mill tempera­

ture increases, the viscosity decreases
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^hich tends to give poorer dispersions) and 

the surface energy decreases (which tends to 

give better dispersions). One possible ex­

planation for the overriding importance of 

the surface effect (which works to improve 

dispersibility at higher temperatures by 

lowering the energy barrier) over the vis­

cous effect (which works to improve disper­

sibility at lower temperatures by increas­

ing viscosity) lies in the nature of the 

floating roll mill used both in this study 

and in Herbst's. Mill pressure is balanced 

by the forces generated as the dispersion 

passes through the nip (22). As viscosity 

drops, the gap is reduced until the forces 

are again in balance. The reduction in the 

size of the mill gap causes somewhat high­

er stresses to be encountered, than would be 

found if the gap did not change, thereby, 

partially compensating for the loss in vis­

cosity.
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Recommended Procedure for Determining Gloss 

of Wet Grindometer Drawdowns

Based upon the work presented here, 

the following procedure is recommended for 

obtaining gloss measurements :

1. Prepare a grindometer drawdown in the 

usual manner using a NPIRI Production 

grindometer.

2, Measure the gloss in both paths at 

least two depths greater than 3»

3. Repeat steps one and two at least once 

for each dispersion and average the gloss 

readings. Report the average.

It should be noted that these experi­

ments were performed on inks prepared with 

the same vehicle. Care should be taken when 

interpreting gloss measurements of inks pre­

pared from different vehicles or with markedly 

different color strengths.

Conclusion

Measurement of the wet grindometer
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drawdowns if a valid technique of obtaining 

fast measurements which can be related to 

the number of aggregates too small to 

be detected by scratch count methods. Analy­

sis of gloss measurements indicates, however, 

that the amount of material present in the 

form of such aggregates need not be related 

to the number of larger (scratch-causing) 

aggregates.

Gloss measurements, furthermore, have 

been related to dispersion times and mill 

temperature confirming both earlier work 

and the usefulness of the measurement of 

gloss of grindometer drawdowns. Gloss mea­

surements , however, have been shown to be in­

fluenced by color strength in at least one 

case. Therefore, care should be taken when 

comparing wet gloss measurements of inks 

having different color strengths.
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PART II

Modification of the Walker-Fetsko 

Ink Transfer Equation 

ABSTRACT

Dispersions made during the experi­

mental work described in Part I were printed 

using a Fogra Printability Tester. Analysis 

of the transfer properties of these inks in­

dicated that modifying of the Walker-Fetsko 

transfer equation would provide a closer ap­

proximation of the experimental data. The 

modified equation more accurately represents 

the influence of surface roughness on trans­

fer than does the original.

The values of the transfer coeffici­

ents obtained using the modified Walker- 

Fetsko equation were used to examine the po­

tential influence of milling time (and hence 

degree of dispersion) on ink transfer and were 

also used in the colorimetric analysis dis­

cussed in Part III.
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Introduction

Because printers desire to have the 

minimum amount of ink on their press rolls, 

the transfer properties of ink to a substrate 

are of great importance to them and the ink 

makers who supply them. Clearly, the frac­

tion of ink transferred to the stock is a 

function of factors other than the properties 

of the ink alone. Specifically, the substrate's 

properties (i.e., its roughness, moisture con­

tent, coating, and surface properties) and the 

press conditions (especially the press speed 

and pressure) can influence the printability 

of the ink. Obviously, these properties must 

be held constant in order to determine the 

effects of ink properties on printability. 

Furthermore, printability studies require an 

accurate model of the transfer of ink from 

the printing surface to the substrate. The 

purpose of this section is to discuss an 
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improved transfer equation and to use it 

to analyze the influence of milling time 

(and hence, degree of dispersion) on ink 

transfer.

A general model of ink transfer was 

proposed by Walker and Fetsko (34) in 1955» 

and since then has been used extensively in 

the investigation of inks and coatings (35» 

36, 37). Use of this equation requires the 

determination of the weight of ink per unit 

area transferred to the substrate and the 

amount of ink on the printing cylinder be­

fore printing.

These values are easily obtained when 

using a proof press such as the FOGRA print­

ability tester. The Walker-Fetsko equation 

assumes that the relationship between these 

two values can be completely described by 

three parameters, k, a function of the cov­

erage of the ink on the paper, b, a function 
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of the instantaneous penetration of ink 

into the substrate, and f, the fraction of 

ink uneffected by penetration which is 

transferred to the substrate. 

Classical Derivation of the Walker-Fetsko 

Equation

The derivation of the Walker-Fetsko 

equation, assumes that only a fraction of the 

substrate actually contacts the ink. This 

partial contact arises because of the rough­

ness of the stock and is assumed to vary 

with the amount of ink on the printing sur­

face following an exponential relationship.

F = (1 - e“kx) (14)

where F = the fraction of the ink in con­

tact with the stock

x = the weight of ink on the printing 

surface

k = the Walker-Fetsko coverage para­

meter.
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Next, it is assumed that the re­

lationship between the amount of ink on the 

printing cylinder and the amount of ink 

which penetrates the stock can be de­

scribed by an exponential function:

p = (1 - e"^) b(l - e"^) (15)

where p = the amount of ink instantane­

ously immobilized during print­

ing

b = the immobilization capacity of 

the stock.

Walker and Fetsko found that equation 15 

adequately fitted experimental data.

Lastly, the difference between the 

amount of ink originally on the cylinder 

and contacting the stock (x-b(l - e'^*)) 

and the amount of ink immediately immobilized 

(p) is the amount of "free ink". A fraction 

(f) of this free ink remains on the paper
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Next, it is assumed that the re­

lationship between the amount of ink on the 

printing cylinder and the amount of ink 

which penetrates the stock can be de­

scribed by an exponential functions

p = (1 - e"^) b(l - e"^) (15)

where p = the amount of ink instantane­

ously immobilized during print­

ing

b = the immobilization capacity of 

the stock.

Walker and Fetsko found that equa­

tion 15 adequately fitted experi­

mental data.

Lastly, the difference between the 

amount of ink originally on the cylinder 

and contacting the stock (x-b(l - e ^)) 

and the amount of ink immediately immobilized 

(p) is the amount of "free ink". A fraction 

(f) of this free ink remains on the paper 
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when the "free ink" film splits at the end 

of the transfer process. Thus the classi­

cal Walker-Fetsko equation for the total 

amount of ink on the substrate is given 

by i

y = (1 - e kX)(b(i - e + f(x - b 

(1 - ) ) (16)

where y = the amount of ink transferred

to the substrate per unit area 

f = the fraction of "free ink" trans­

ferred to the stock. 

Modification of the Classiclal Walker- 

Fetsko Equation

Gate, Windle and Hine (38) estab­

lished that the surface irregularities of 

paper have a normal distribution of heights. 

At very low values of kx, a normal distri­

bution cannot be approximated by the expo­

nential relationship between F and x that 

is assumed by the classical Walker-Fetsko 
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equation. An alternative transfer equation, 

using normal logarithmic functions, has 

been proposed by Ichiakawa, Sato and Ito 

(39)î however, Cropper (40), in his review 

of several transfer equations, has pointed 

out that such functions are mathematically 

more complex, involving numerical integra­

tion from + infinity to - infinity, and, 

consequently, are more difficult to use 

in analyzing experimental data. A mathe­

matically simpler approach is to replace 

the exponential function (1 - e with 

an analytical function that approximates 

it at large values of kx and also has a 

general shape that approximates the cumu­

lative log-normal distribution.

The hyperbolic tangent (tanh) 

meets these criteria and preserves the 

desired mathematical simplicity. Conse­

quently, the modified Walker-Fetsko 

93



transfer equation (equation 1?) can be ex­

pected to fit experimental data better than 

the original Walker-Fetsko equation (equation 

16) t

y = b( tanh(k*x) ) (1 - e^^) + f (x - b 

(1 , e-x/b)D (17)

where k* - the modified Walker-Fetsko cov­

erage parameter

Experimental

Five premixes were made at 20 weight 

precent concentration using three commercial 

copper phthalocyanine blue (PCN) pigments 

and one crude (i.e., non-pigmentary) PCN 

blue as described in Part I. Four of these 

dispersions were premixed for five minutes 

on a Hermes dissolver with a Variac setting 

of 60. The other premix was prepared by 

mixing by hand for five minutes with a spa­

tula. All the premixed were then finished 

on a Fritch (2-1/2" by 5") three-roll mill 

for various numbers of passes (usually for 
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one, three, five, then, twenty-five or 

fifty passes), 1/4# (by weight) of 6# 

Cobalt drier was added to these dispersions. 

The dispersions were aged at least one week, 

then printed on two stocks (an uncoated and 

a coated stock) using a Fogra proof press 

at 1.5 m/sec and a pressure of 20 kg/m , 

Both the press and the stock were kept in a 

constant-humidity room where the dry-bulb 

temperature was maintained at ?2°F ± l and 

the wet-bulb temperature was maintained at 

62°F * 1 prior to printing. The weight of 

the ink on the printing cylinder was deter­

mined both before and after printing by 

weighing to 0.00001 gm on a five-place 

balance. From these weights, and the area 

of the printed surface, the value of x and 

y were determined for each print. From 12 

to 18 prints at various weights were made 

from each dispersion.
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The FOGRA printability tester pre­

sents several advantages to the ink maker 

over conventional flat-bed proof presses 

(e.g. The Little Joe). First, it can be 

made to simulate more closely actual print­

ing conditions on a lithographic or letter­

press press. The printing pressure and 

speed can be held to closer tolerance, 

prints can be made faster, and weighed 

prints are easily and rapidly made.

The following is a description of 

the manner in which the FOGRA is operated* 

1. Ink to be printed is placed on a dis­

tribution system. The distribution 

system is a series of rubber and steel 

rollers running at a constant rate of 

speed (about 50 rpm). The ink is al­

lowed to spread uniformly over the dis­

tribution system.

2. The printing- cylinder is cleaned, dried
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weighed, and then put onto the distri­

bution system. The printing cylinder 

contacts a rubber roller, uniformly 

picking up ink.

3. The printing cylinder is removed from 

the distribution system by means of 

mechanical levers so that the ink 

film is uniform over the entire cylin­

der (including the spot at which con­

tact between the cylinder and the dis­

tribution system is broken).

4. The printing cylinder is weighed and 

put on the press.

5. The printing pressure and speed are set 

on the press.

6, The print is made on a paper strip 

about 1/2* x 8* mounted on fiber board.

7, The cylinder is reweighed and the process 

is repeated starting at Step 2.
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Because the distribution system does 

not have to be re-inked (except for fast­

drying inks), the process is fast. Further­

more, since the amount of ink on ,the print­

ing cylinder is determined by the amount of 

ink on the distribution system, and the 

amount of ink in the distribution system is 

steadily depleted, one can easily make a 

series of prints in which all conditions are 

constant except the amount of ink on the print. 

Such a series is necessary for the transfer 

model.

The values of the transfer parameters, 

k", and b and f, for the modified Walker 

Fetsko equation, and k, b and f for the 

classical Walker-Fetsko equation were then 

determined by computer. The calculation pro­

ceeded by minimizing the sum of the squares 

of difference between the print weight pre­

dicted from the transfer equation using the 
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weight of ink on the cylinder and the ex­

perimentally measured value, The results 

are shown in Appendix A. The computer pro­

gram found the minimum of this value using 

a simplex algorithm written by Greene (41), 

Results of the Calculations

The values of the sums of the errors 

(Se2 in the Appendix) for both transfer equa­

tions were computed for 31 sets of data ob­

tained from measuring the transfer properties 

of dispersions to the two stocks using the 

Fogra printability tester. The computed value 

for the difference in S0 was -2.922; the 

value needed for significance at the 99.75% 

confidence level is -2,81. Therefore, the 

improvement is significant to a high degree 

of confidence. A typical transfer curve, 

showing plots of both the modified and class­

ical Walker-Fetsko equations and the experi­

mental points, is shown in Figure 15a and b. Note
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Figure 15a - Comparison of Best Fits of Transfer Equations 
To a Typical Experimental Transfer Curve

o
(D

s

CM

0) 
E£

C
 

M7
3

 

CD
•
H

•
H
 

-O 
O
 

2

oto
 

toHO

C
O
 

c
o
 

O
sI 
£to 
•
H
 

0) 
C5I cd 
3D

 
•H

 
O

O
 

PUcdC
 

0) 
Ek

 
0) 
C

L
 

X
 

to

to 
<u 
to 
to 
£ok
 
O
 

cht
J 

0)

o
 

to
 

CD

■
V
o

O

5 6 7 8 9 10 11 12 1) 14 15 16 17 18 19 20

Weight of Ink Originally On the Cylinder x 10^ kg/m^

O
S
 

C
O
 

Cs- 
M
D
 

XOi 
-d" 

O
 

(M 
r
4

0
T
 
x
 
q.UTJd 

u
o
 

J
°

2 
1
0
0



Figure 15b Comparison of Best Fits of Transfer Equations For

E
 

co

a
t 

otn
 

m
 

a
t

u

c
 

o-p
 

a
t 

3toTJ 
d)
•
H
 

ch
 

•
Hz

otncv
 

tok
 

(Da
t

X
 

u
o
 

J
O
 
m
S
r
a
M

Weight of Ink Originally On the Cylinder x IO5 kg/m

tnV•H
 
m
 
5•
P

.5

1
0
1



that, as expected, both functions fit the 

experimental data very well. The modified 

equation, however, more accurately describes 

the shape of the transfer curve for small 

amounts of ink on the printing cylinder than 

does the original equation. This observation 

is in accordance with the derivation of the 

modified equation because the greatest devi­

ation between the exponential function in 

the original equation and the normal distri­

bution occurs at these low amounts of ink 

on the roll.

Influence of Degree of Dispersion Upon Print­

ing Properties

In general, the influence of milling 

times on the transfer coefficients was neg­

ligible as shown in Figure 16. This confirms 

earlier work that showed that there was little 

difference between two inks having the same 

loading and made from the same vehicle (35).
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Stocks
O= uncoated (rough) O= coated (smooth)

Figure 16 - Modified Walker-Fetsko Transfer 
Coefficients as a Function of Milling Time
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Exceptions to these observations were the 

dispersions made with crude PCN blue, These 

dispersions had immobilization coefficients 

of 0, indicating that little of the ink was 

completely immobilized, and it did not pene­

trate well, possibly because the exceptional­

ly large pigment particles (around 3 

blocked the pores of the paper and prevented 

penetration. 

Differences between stocks, on the other 

hand, were very noticible, and more predic­

table (Table 2), Coates stocks (which are 

smoother and less porous than uncoated stocks) 

have higher coverage coefficients (k"), in­

dicating better coverage, but smaller immo­

bilization coefficients, indicating less pene­

tration. 

Conclusions

As a result of this work, it may be con­

cluded that the modified Walker-Fetsko equation
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provides a better description of ink trans­

fer than does the classical Walker-Fetsko 

equation.
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FART III

ABSTRACT

The series of prints described in 

Parts I and II were examined colorimetri- 

cally in order to establish useful methods 

of measuring color strength of dried ink 

films and to use that method to study the 

influence of the numbers of mill passes on 

color of prints, A brief review of color 

theory is presented. Two colorimetric 

models of ink films are derived and tested 

for goodness of fit against plots of the 

prints' minimum reflectance versus print 

weight. The results indicate that a simple 

method of evaluating color strength is pos­

sible. Furthermore, it is demonstrated 

that a simple method of evaluating color 

strength is possible. It is. also 

demonstrated that existing bleach tests do 

not provide good indications of the final 

color strength of prints,
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Chapter 1 

Mathematical Simulation of the Perception 

of Color

A mathematical simulation of "color" 

must describe the three factors that contri­

bute to human perception of the color of an 

object (such as a page of printed matter) 

that is not itself a source of light. These 

factors are: 1) the light source illumin­

ating the object: 2) the object itself; and 

3) the manner in which the human eye and 

brain process light. Detailed treatments of 

each of these items is provided in several 

general texts (42, 43, 44). A brief review 

of the development of the mathematical formu­

lism necessary for the discussion of the col­

or of printed matter is provided in this re­

view chapter.

In color science, the most important 

property of a light source is the electro­

magnetic energy being emitted within the range 
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of visible wavelengths (from about 380 nm 

to about 720 nm), The amount of energy for 

most sources varies considerably over this 

range, Therefore, mathematically, the 

energy must be considered to be a function 

of wavelength. Polarization of light can be 

neglected, however, because the sensitivity 

of the human eye to light is independent of 

its polarization.

Light can be reflected by an object 

as the result of two types of reflection1 

1) light can be reflected at the object's 

surface as the result of a change in the in­

dex of refraction (called specular reflection) 

and 2) light that has entered the object 

can be re-emitted as the result of internal 

scattering redirecting the light toward the 

surface. Specular reflection from a smooth 

surface causes a mirror-like or "glossy" ap­

pearance. The energy spectrum of internally 
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scattered light can be different than that of 

the light striking the surface because the 

light at certain wavelengths can be absorbed 

and converted to. heat. Thus, the light reach­

ing the eye of a viewer is the product of the 

energy spectrum of the source and the reflect­

ing properties of the material. In general, 

the distances between the source, object and 

eye can be neglected.

"Color" perceived by a viewer is the 

result of a human eye (or eyes) working to­

gether as a system for receiving and process­

ing the energy spectrum received by the eye. 

The development of a mathematical model of 

this system is extremely complex and based 

on extensive experimental work and, there­

fore, will be presented ad hoc. This chapter 

will discuss the mathematical formalism and 

nomenclature used when determining if two 

colors constitute a "match", that is, whether 
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two objects will have the same color when 

viewed under the same light.

Returning to the reflecting material 

(a printed page, for instance) both surface 

reflection and internal scattering contri­

bute to the appearance of the final print. 

As light impinges upon the surface of a ma­

terial, a certain amount is reflected at an 

angle equal to, but opposite in sign, from 

the angle of incidence (the specular angle). 

The exact amount of light thus reflected can 

be calculated from the laws of classical op­

tics (45, 46, 4?) knowing the angle of in­

cidence and the refractive index ratio of the 

reflecting material to the surrounding medium 

(typically air).

Saunderson (48) attempted to calculate 

the effect of specular reflection on reflec­

tance measurements by calculating the theo­

retical reflectance of an object immersed in 
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a clear material of identical real refrac­

tive index. Surface reflections caused by 

light refraction would be absent under such 

conditions. Saunderson assumed that the 

light's path is normal to the material, 

thereby obtaining equation 17.

R- - £1 * (17)

2 
where k- = n-1

1 ST

n = refractive index ratio for the 

material

k2 = the fraction of light which is 

diffuse (k2 = 0.4 although this 

value often varies depending on 

the material and the colorimetric 

equipment used).

H = measured reflectance

R' = reflectance which would be ob­

served if surface effects were 

absent.
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Tunstall (49) performed experiments 

which indicate that this equation can be im­

proved and, therefore, offered an empirical 

relation. His findings, however, did not 

indicate whether this discrepancy is due to 

surface roughness. Nonetheless, Saunderson1s 

equation often is used when performing cal­

culations describing glossy surfaces such 

as rotogravure prints. It is not however, 

used for "flat" (non-glossy) prints.

For smooth surfaces, specular reflec­

tion causes a glossy appearance which in­

fluences the aesthetic appearance of the 

finished print and, therefore, is an impor­

tant consideration in ink making. The desira 

bility of gloss depends on the nature of the 

product. High gloss may very desirable in 

magazines, for instance, but may be unwanted 

in other applications such as greeting cards 

of invitations.
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Gloss (as distinguished from specu­

lar reflection) is measured in a glossmeter, 

illustrated schematically in Figure 17. The 

glossmeter consists of a collimated light 

source mounted at an angle to the surface 

of the test material and a photocell that 

measures the amount of light reflected at 

the specular angle. Typically, gloss mea­

surements are expressed as a percent of 

gloss relative to a standard surface which 

may be "flat" (i.e. not glossy) or glossy, 

white, grey, or black depending upon the 

type of material to be measured. The refer­

ence is normally as similar in gloss and dark­

ness to the unknown as possible.

Surface roughness causes the light 

refracted at the object's surface to be scat­

tered, influencing its visual appearance. For 

example, a glossy black print will appear 

darker than a "flat" (i.e., non-glossy) black
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print at most viewing angles because the 

glossy surface reflects most incident light 

at the specular angle and very little light 

at other angles. "Flat" prints on the other 

hand diffuse incident light over a range of 

angles. Therefore, at an angle other than 

the specular angle, more light will strike 

the eye from a "flat" surface than from a 

glossy surface when viewed in the same light. 

However, when flat and glossy prints are 

viewed at the specular angle with the light 

source, more light will be seen being reflec­

ted from.the glossy print. Gate, Windle and 

Hine (50) have related the gloss of stocks 

of various roughness as measured by a mech­

anical contact-probe which consists of a 

lightly loaded stylus moving across the sur­

face. Measurements of roughness obtained by 

this method correlated well with standard 

gloss measurements (TAPPI 75° gloss (51))» 

Witherell (52) attempted to predict the 
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relationship between gloss and surface rough­

ness using a simplified model of a surface 

which consisted of reflecting surfaces com­

posed of small facets tilted at various angles 

to the plane of the surface.

Light that passes through the front 

surface of an ink film into a print is scat­

tered and absorbed by the ink and the fibers 

of the paper. Two mathematical .analyses have 

been used to describe light scattering:

1) complete solutions of Maxwell’s equations 

for the propagation of light through space ; 

and 2) less rigorous analyses based on 

easily measured empirical parameters which 

are not directly related to fundamental prop­

erties such as refractive index.

Complete solutions of Maxwell’s equa­

tions have been obtained for a few simple 

shapes only and are used in astrophysics and 

meteorology, but are difficult to apply to 
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the problem of the reflectance properties of 

printed matter, Mie (53) solved Maxwell's 

equations for the case of a plane wave 

striking a sphere. The resulting equations 

describe the scattering pattern of the re­

flected light (i.e. the amount of light re­

flected as a function of angle) as a function 

of two properties of the sphere 1 l) the ra­

tio of the sphere's diameter to the wave­

length of the incident light; and 2) the 

refractive index ratio of the sphere to the 

surrounding medium. This refractive index 

ratio is a complex number having an imaginary 

term which represents the material's ability 

to absorb radiation (whether the absorbed 

energy is re-emitted at another wavelength or 

converted to other forms of energy is irrel­

evant to Mie's analysis). Tabulations of the 

numerical results of the Mie equations have 

been prepared by Lowan (54) for relatively 

colorless spheres and extended by Dermendham,
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Clasen and Viezce (55), Chromey (56) has 

prepared similar tables for "colored” (i.e, 

light absorbing) spheres,

A less rigorous analysis developed 

by Kubelka and Munk (57, 58, 59) and Duntley 

(60) is based upon the assumption that a 

layer of absorbing material, such as an ink 

or paint film, can be considered "homogen­

eous" . It is assumed that all light within 

the medium can be treated as if it were tra­

veling in one of two directions, "upward" 

or "downward". Such an assumption is math­

ematically rigorous only if the light enter­

ing the film is perfectly diffuse, that is, 

the intensity of the light must be indepen­

dent of the angle measured normal to the sur­

face.

The Kubelka-Munk theory also assumes 

that light is either scattered in the oppo­

site direction or absorbed as it passes through 
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a medium. Both the amount of light scat­

tered and absorbed from a given direction 

("upward" or "downward") is proportional to 

the amount in that direction. Based upon 

these assumptions, Kubelka wrote a system of 

differential equations describing the flux 

density of light in both directions.

-di = -(S+K)idx - Sjdx (18 a)

dj -= (S+K)jdx + Sidx (18 b)

where i = the intensity of light within a 

medium traveling toward its un­

illuminated surface

j = the intensity of light within a 

medium traveling toward its il­

luminated surface

S - the scattering coefficient of the 

medium

K = the absorption coefficient of the 

medium

x = the distance from the unillumina­

ted surface (i.e. the "back")
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The constants K and S are empirical 

and can be determined by experimental mea­

surement, These equations can be solved for 

a variety of boundary conditions. The re­

flectance (neglecting front surface effects) 

is merely the ratio j/i at the illuminated 

(i.e, front) surface. The transmittance is 

the ratio of the value of i at the back sur­

face to the value of i at the front surface. 

For a layer of material of thickness x hav­

ing a reflectance at the back surface of R , 

the Kubelka-Munk equations yield* 

l-R (a-b ctgh (bSS))
R = a+b ctgh (bSX)-Rg 

where a = (K+S)/S

b = (a2-la

R = reflectance at the back surface 
S

X = thickness of the layer 

Approximations of the equations result­

ing from the integration of equations 18 a and 

b have been made by Ross (61). These are based 
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on rearrangement of terms and various approx­

imations i however, the complete solution 

given by equation 19 is more often used.

The solution of equation 18 for the 

special case in which x 00 is frequently en­

countered and is given by equation 20.

R = § + 1 - (? + l)^ -1 (20)
00 o o

where R_ = the reflectance as S 00

This equation is often used to des­

cribe thick films, that is,.films which are 

thick enough so that increasing the thickness 

does not change R. Note that as x °0, R ap­

proaches a limit which is not necessarily zero. 

This limit is not zero because the value of S 

is not zero, that is, some light will be scat­

tered upward before all of it has been absorbed.

The assumptions made to achieve the 

mathematical simplicity of KubeIka-Munk theory 

also limit the accuracy of it. In reality, 

the phenomenon of diffuse reflectance by an 

122



ink print is the result of scattering in all 

directions of electromagnetic radiation by 

many complex-shaped reflectors close together. 

KubeIka-Munk theory assumes that light is 

scattered uniformly, that is, that the scat­

tering pattern of a source is a circle. Al­

though this pattern never occurs, Kubelka- 

Munk theory is a good approximation if a 

print's surface is illuminated by totally 

diffuse illumination or if the film is thick 

enough to diffuse all light passing through 

it. Otherwise, the reflected light may not 

be perfectly diffuse (uniform over all angles), 

Allen (47) has mentioned that an ink film 

may be too thin for a collimated light beam 

to be diffused as it passes through the ink 

film. Nonetheless, Kubelka-Munk analysis is 

the the basis of much of the colorimetric 

analysis of inks and paints because of the 

simplicity of the equations of the accuracy
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of the equations of the accuracy of the theory 

for predicting certain phenomena. Automated 

color matching (62, 63), for instance, pre­

dicts the color of an ink or paint made from 

a combination of pigments, by Kubelka-Munk 

theory.

The absorption and scattering coeffi­

cients of a layer of material composed of a 

mixture of materials often are assumed to be 

the sums of the coefficients of the pure con­

stituents times their respective volume frac- 

tios. This is strictly true if there is no 

synergistic relationship between any of the 

constituents. Such synergism does exist, how­

ever, between titanium dioxide pigment and 

microvoids (64, 65). These effects may be 

neglected for most colored materials (i.e., 

non-white). Therefore, the absorption and 

scattering coefficients of a layer made up of 

n different constituents are:
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K = 2_ ciKi (21)

i=l

n

S = - ciSi (22)

£=1 

where K = the absorption coefficient of 

the layer

S a the scattering coefficient of 

the layer

c^ = the volume fraction of the . 

i-th constituent

= the absorption coefficient of 

the i-th constituent

= the scattering coefficient of 

the i-th constituent

n = the number of constituents 

Billmeyer (66, 67, 68) compared the 

predictions of a Kubelka-Munk model of a 

paint film with experimental data. The color 
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difference between experimental paints pig­

mented with titanium dioxide and a colored 

pigment and the predictions of Kubelka-Munk 

theory based upon the reflectance spectra of 

paints made with different amounts of the 

same pigments were compared. The results in­

dicated that the accuracy of KubeIka-Munk pre­

dictions of the color of paints was on the 

order of the smallest color difference per­

ceived by the human eye.

It should be noted that the basic ap­

proach of the Kubelka-Munk theory can be ex­

tended to a more general analysis developed 

by Mudgett and Richards (69. 70, 71) and 

called multi-channel analysis. In Kubelka- 

Munk theory, all of the light within a film 

is considered to be a part of one of two 

fluxes, either the "upward flux" or the 

"downward flux". In reality, light is re­

flected in many directions and the number of 
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directions of travel need not be limited to 

"upwards" or 11 downwards”, Therefore, it is 

possible to generalize by saying the light 

may be treated as traveling in any number of 

"channels", each channel identified by a 

particular angle 8 and channel width 9. 

This approach yields a system of equations 

analogous to equations 17 a and b; the i-th 

equation of this system is shown in equation 

23.

_n _n

= - / Siri 1 + ' S^ j (S3) 

$

where ; = the light in the i-th channel

S..= the scattering coefficient from 
i J

the i-th channel into the j-th

channel 

n = the number of channels

S. = the absorption coefficient (cor-

12?



responding to K in Kubelka- 

Munk theory

The scattering coefficients can 

be more accurately related to the scatter­

ing pattern of the scattering sites within 

the material than can the single Kubelka- 

Munk scattering coefficient S, The number 

of channels is limited only by the size of 

the computer doing the calculations, the 

cost of the calculations and the amount of 

data available. Therefore, this technique 

is extremely useful when considering the 

properties of the film in which the syner­

gistic effects mentioned earlier are impor­

tant, such as when microvoids are mixed 

with titanium dioxide or when considering 

films in which the scattering pattern is 

strongly a function of angle such as metal­

flake paints (54). However, the extra co­

efficients make the experimental measurement
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of the coefficients, S.. more difficult 
i J f

than the measurement of the Kubelka-Munk 

K and S values.

Light reflected by a print must be 

received by the eye in order for color to be 

perceived. The human eye is important in 

the consideration of color because of the 

manner in which the eye interprets the ener­

gy spectrum it receives. The eye is sensi­

tive to light over a range from roughly 380 

nm to 720 nm. However, two objects having 

different reflectance properties over this 

range may appear to have the same color when 

viewed under identical conditions. This phe­

nomenon, known as metamerism, is responsible 

for much of the complexity of color science.

Let us now discuss the mathematical 

simulation of color vision in order to dem­

onstrate how metamerism can occur and to com­

plete the mathematical description of the 
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perception of color from prints. Many sys­

tems have been proposed to describe color vi­

sion, All of these define three dimensions 

necessary to characterize the phenomenon. 

One such system is the tristimulus 

functions established by the "Commission In­

ternationale del 'Eclairage" (CIE), an in­

ternational body which has specified standard 

(ideal) observers. The tristimulus values, 

normally designated X, Y and Z are defined 

mathematically as shown in equation 24 a, b 

and c.

720 
X = r x'(A)E(A)ROJd (24 a)

380

720 
Y = £ y'(X)E(x)R(X)d (24 b)

380

720 
Z = £ z* (X)E(X)R(X)d (24 c)

380

where S, Y and Z are the tristimulus values 

x• ( X), y(X) and ze(X) are the tristi­

functions
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E(X) - the energy spectrum of the 

source

R(X) = the reflectance spectrum of 

the object.

For non-emitting objects, such as 

paint films, the tristimulus functions are 

often combined with the energy spectrum to 

simplify computation. In practice, the in­

tegration is frequently replaced with a 

summation of the reflectances at a finite 

number of wavelengths (typically 16 or 32).

If the object in question is a light 

source, then the light received by the eye 

is merely the energy spectrum of the source. 

If the object does not emit light, the en­

ergy spectrum of the light reflected from 

the object is the product of the energy 

spectrum of the light source times the re­

flectance of the object (E(x)R(x)). The 

amount of reflectance can be obtained (us­
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ually from either KubeIka-Munk or Mudgett- 

Richards theories).

The values of the three tristimulus 

functions (designated x (x), y(x) or z (x)) 

have been determined experimentally and 

exact functions have been defined for stan­

dard observers. Very generally, x corres­

ponds to the amount of red present, Y to the 

amount of yellow (also to the brightness) 

and Z to the amount of blue. This corres­

pondence is not exact and is only meant to be 

an approximation of the individual values.

The functions x(x), y(x) and z(x) are 

continuous non-negative functions over the 

entire range of wavelengths. Therefore, it 

is possible for two different energy distri­

butions to have identical values of the 

tristimulus values, X, Y and Z. This is 

equivalent to saying that two different prints 

having different reflectance properties could 
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have the same color when viewed under the 

same conditions. Such prints are called 

metameric matches.

The difference between two colors 

having two different sets of tristimulus 

values is a function of their tristimulus 

values. The MacAdam Unit has been defined 

as being the largest difference in 

color that is imperceptible to to 

human eye. Brown performed experimental work 

(72, 73) to measure this difference. MacAdam 

Friele and Chickering (74 - 80) have analyzed 

these data to produce a series of functions 

which allow the color difference (measured 

in MacAdam Units) to be calculated from the 

tristimulus values of two colors. Billmeyer 

(81) has written a FORTRAN program which 

performs the necessary calculations.

The tristimulus are frequently repre­

sented on a two-dimensional plot called a
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Chromaticity Diagram (Figure 18). The chrom­

aticity coordinates are difined as shown 

below*

x = X/(X + Y + Z) (25 a)

y = Y/(X + Y + Z) (25 b)

z = Z/(X + Y + Z) (25 c)

where x, y and z are the chromaticity co­

ordinates ,

The chromaticity coordinates of every 

wavelength of visible light is plotted on the 

chromaticity plot as shown in Figure 16. 

This horseshoe-shaped curve (called the pure 

spectrum locus) is joined at the bottom by a 

straight line. The chromaticity of any "real” 

color will be inside this curve. Points out­

side the curve represent "unreal" colors; 

that is, they represent chromaticities which 

require a negative amount of energy at some 

wavelength.

The "purity" and "dominant wavelength" 

of a color, two useful properties which will
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Figure 18 
Chromaticity Diagram
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be used later, are derived from the chroma­

ticity diagram. These values are calculated 

as followst

1, On a chromaticity diagram for the stand­

ard observer, plot the x and y values for 

both the energy spectrum of the light 

source and the object when viewed under 

that source.

2. Draw a line from the point representing 

the source to spectrum locus through the 

point representing the color. If this 

line intersects the straight line drawn 

from 380 to 700, both terms are undefined.

3. If the line intersects the spectrum locus, 

the dominant wavelength is the wavelength 

corresponding to the point of intersec­

tion. Purity is defined as one hundred 

times the ratio of the distance between 

the light source's and the object's chro­

maticities to the distance between the
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source’s and the dominant wavelength’s 

chromaticities. In Figure 18, if L is 

the light source, and A is the color, 

then the wavelength corresponding to 

point C is the dominant wavelength and 

100 x (ÂL / LC) is the purity.

The significance of the terms "do­

minant wavelength" and "purity" are that 

they constitute a recipe for reproducing a 

color with the same chromaticity by combin­

ing light of a single wavelength (the domi­

nant wavelength) with the energy spectrum 

of the light source. The purity is the 

fraction of the total light from these two 

sources which comes from the dominant wave­

length.

Thus, if AL is twice AC and if lights 

C and L are combined, and if C's luminosity 

(brightness) is twice as great as L’s, then 

the chromaticity of the combined color will 

lie on LC at point A.
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CHAPTER 2 

Measurement of the Tinting Strength of Lith­

ographic Inks From the Color of Weighed Prints 

Introduction

The purpose of this work is to develop 

an alternative technique to current bleach 

tests that would allow the determination of a 

"printing strength” value from colorimetric 

analysis of proof prints.

There are several standard methods of 

measuring an ink's or a print's degree of 

dispersion. In general, dispersion tests 

detect the presence of aggregates in a cer­

tain size range by measuring properties that 

are strongly related to the humber of aggre­

gates in that range, but are weakly related 

to the number of other ranges. A grind gage, 

for instance, detects the presence of the 

largest aggregates in an ink, but is insen­

sitive to the number of smaller aggregates,
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Bleach strength, which measures the ability 

of a dispersion to impart its color to a 

white paste, is a function of several criti­

cal properties, e.g., pigment loading and 

quality of dispersion, and is most sensi­

tive to the number of smaller aggregates, 

"Dispersion quality" refers to the nature 

of the size distribution of the pigment 

aggregates. Poor dispersions have many large 

aggregates; good dispersion, on the other 

hand, have narrow size distributions around 

an optimum size that gives the best combina­

tion of printing and colorimetric properties. 

It has been established theoretically 

and experimentally that, below a certain size, 

the ability of a pigment to absorb light will 

be reduced. However, this optimum appears to 

be smaller than the size of aggregates ordin­

arily achieved in ink manufacture. Further­

more, an ink composed of aggregates of this 

139



optimum size might not have good printing 

characteristics, and therefore, might be 

undesirable, A literature review of the dis­

persion properties of colored pigments (6, 7» 

17, 35, 82 - 94) found no case in which 

overmilling was reported to cause undersized 

aggregates and, therefore, a color strength 

loss. Indeed, only one case reported a loss 

of color because of excessive milling. Those 

measurements were performed by Herbst (6), 

using a copper phthalocyanine blue pigment 

which underwent a change in crystal morpho­

logy. In general, therefore, overmilling 

does not appear to be a significant problem 

with colored pigments.

The overall degree of dispersion at 

a particular ink concentration currently is 

best measured by the "color strength" or 

"tinting strength" of an ink as determined 

by a bleach test. There are, however, sev­

140



eral problems associated with conventional 

bleach tests. These tests, such as NPIRI TM 

E-2 are time-consuming (and, therefore, cost­

ly) and have great operator variability. 

Furthermore, most ink makers prepare proof 

prints to test both the printability and 

final appearance of their products. There­

fore, it is desirable to determine the rela­

tionship between an ink's tinting strength 

and its final appearance on a print so that 

both tests can be combined into one.

Because of the possibility of compu­

tational complexity involved in developing 

such mathematical relationships, only one 

worker, Zroll (14), has attempted to develop 

such a method. He investigated the change 

in reflectance at increasing print weights 

for dispersions made with two different yel­

low pigments. His empirical work did not 

attempt to explain his results using color 
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theory, although he did find a correlation be­

tween bleach strength and printing strength. 

Existing Tests

Currently, there are two slightly dif­

ferent types of bleach tests. The first con­

ventional test (NPIRI E-2) (95) requires the 

simultaneous preparation of two bleaches at 

a fixed ratio of ink to bleach. One bleach 

is made from a reference ink and the other 

bleach is prepared from the test ink. The 

relative color strengths of the two bleaches 

are evaluated by preparing side-by-side draw­

downs of opaque films of the two bleaches. 

The concentration of ink in the stronger 

bleach is reduced by adding white paste until 

the color strengths of the two bleaches are 

the same. The bleach strength is the ratio 

of the concentrations of the reference ink to 

the test ink multiplied by one hundred. This 

value approximates one hundred times the ratio 

142



of the Kubelka-Munk absorption coefficients 

of the wet inks. This approximation is based 

on the assumption that the scattering coef- 

fient of the bleach is independent of the 

ink and dependent solely on the white paste. 

The absorption coefficient is assume do be 

the product of the absorption coefficient 

of the ink times the volumetric concentra­

tion. If the two bleaches are a "true" (i.e. 

non-metameric) match, then the reflectances 

of the bleaches are identical at every wave­

length. Therefore, according to equations 

21 and 22, the ratio of ink concentrations 

is equivalent to the ratio of the absorption 

coefficients.

A simpler technique for measuring 

bleach strength is recommended in DIN 53234 

(46) and consists of preparing a bleach at a 

fixed concentration, placing the bleach into 

a glass cell and examining its color spectro- 
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photometrically. The tinting strength rela­

tive to a previously prepared reference 

bleach can then be determined from equation 

21 by calculating the value of K/S for both 

bleaches at a selected wavelength (typi­

cally, the wavelength having the minimum 

reflectance). This test defines the ratio 

of the values of K/S for both bleaches times 

one hundred as the bleach strength. Thero- 

retically, this value is identical to the 

value calculated by the NPIRI method. The 

DIN method is somewhat faster and provides 

less opportunity for operator error. Conse­

quently, it was used in the experimental de­

termination of bleach strengths throughout 

this work.

Development of the Kubelka-Munk Models of 

Ink Films On Prints

The accuracies of curve fits of two 

Kubelka-Munk models of ink films were com-
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pared to experimentally measured relation­

ships between reflectance and print weight 

(that is, the weight of ink per unit area). 

The series of prints described in Parts I 

and II was-used for this work. Additionally, 

a simplified graphical method of interpre­

ting plots of reflectance versus print weight 

was also developed. Computations using this 

last method were compared to those obtained 

from the better KubeIka-Munk model.

The first Kubelka-Munk model, Model 1 

(Figure 19) consists of the three layers of 

prints described in the Walker-Fetsko ink 

transfer equation. The second model assumed 

that prints could be represented by a angle 

layer of ink in a stock. This single-layer 

model will be discussed later,

Model 1 (Figure 19) assumes an ink 

print is composed of three layers. The first 

layer is the deepest layer and concists of the
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Fieure 19 - Multi-Layer Model of Ink Films 
(Model 1)

, tRn_________
”1 I . Layer I
_ t Mil
" p Layer II

III

T t-------------------
Layer III 

area of in­
complete coverage

146



uninked paper below any ink layer. The 

second layer consists of paper that contains 

a certain volume fraction of ink (the volume 

fraction depending upon the stock, the ve­

hicle, and the press conditions, but not on 

the pigment or the degree of dispersion). 

The third layer is a dried ink film on the 

surface of the stock. It is assumed that 

the top two layers containing ink do not com­

pletely cover the surface. Unprinted areas 

of incomplete coverage are assumed to exist 

as a result of the influence of surface 

roughness on ink transfer. The reflectance 

of the unprinted portions is assumed to be 

that of unprinted stock.

The overall reflectance for this 

model ink film is obtained by determining the 

reflectance at the top of each layer starting 

with the bottom layer and proceeding to the 

top surface. The reflectance at the top is 
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then combined with the reflectance of the 

white (uncovered) area to yield the overall 

reflectance of the print.

The reflectance at the bottom of 

the penetration layer (i.e., the top of the 

uninked layer) is assumed to be the reflectance 

of the unprinted paper. This assumption can 

be made for two reasons * 1) the thickness

of the penetration layer is small with respect 

to the total thickness of the paper (as would 

be expected on prints on good quality stock 

having typical holdout properties; and 2) the 

scattering coefficient of the unprinted paper 

is large for most stocks.

The reflectance at the top of the se­

cond layer can be calculated from Kubelka-Munk 

theory (58, 59, 60) using equation 19. First, 

assume that the volume fraction of ink in the 

penetration layer is uniform throughout and 

independent of the thickness of the layer.
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The thickness of the layer, then, is related 

to the amount of ink in the layer by equation 

27.

t = Y /C d. (27)
P P i

where t - the thickness of layer II

Yp= the weight of the ink in layer

II per unit area of paper cover­

ed with ink

0^= the volume fraction of ink in 

layer II

d^= the density of ink

The KubeIka-Munk absorption and scat­

tering coefficients for the layer (k ji »s h ) 

are related to those of the ink and stock as 

shown in equations 28 a and bi

KII= * KP (28 a)

Sn = SpS1 * sp (28 b)

where and are the absorption and scat­

tering coefficients of the ink; Kp and S are 

the absorption and scattering coefficients of 
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the inked paper. Note that Sp is not the 

same as the scattering coefficient of un­

printed paper. These two coefficients have 

different values because the refractive in­

dex ratio of cellulose to air is different 

than the ratio of cellulose to binder, 

hence, the scattering ability (and Kubelka- 

Munk scattering coefficient) of paper covered 

with ink is different than that of unprinted 

stock.

The terms Kjj /Sjj  and S^t, appearing

in the Kubelka-Munk equation, are given by

KII CpKi * * Vdi°P

Sn " Cpsi * s p " ^T^V^p
(29 a)

Silt - (CpSi * Sp) (Y/C/i) = (S/di ♦ 

Sp/diCp)?p (29 b)

These equations can be simplified by

defining the terms K!, S!, and given by 

equations 30 a, b, c and d, which have unites 

of (mA2).
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K! = K./d. (30 a)
1 x X

SJ = Si/di (30 b)

Kp - Vdi°P <3° °)

SJ = Sp/D^Cp (30 d)

Using these terms, equations 29 a and 

b rewritten as shown by equation 31 a and bi

SHt = (S! + SJ) Yp. (31 b)

This description of the second layer will be 

called Model l a.

A variation of this model (called Model 

1 b) based on a model presented by Allen (62) 

was also considered. In Model 1 b, the volume 

fraction of ink, Cp, in layer II is assumed 

to be proportional to the amount of ink in 

the layer, Y . Therefore, the thickness of 

the layer is constant. This assumption pro­

duces a slightly different relationship be­

tween Yp and the terms S^t and Kn/Sxi as
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shown in equation 32 a and b below«

«U = «h * = W * S' (32 a)

Sil Sut Vi S'
Silt = Ypsy (32 b)

where t = a constant

S = Kpt

Sp “ spt

The values of and S^t cal­

culated from either of these two assumptions 

can be substituted into the general Kubelka- 

Munk equation (equation 19) to obtain the re­

flectance at the top of the second layer.

1 - R].(a - b coth(bSITt) )
R11 ^~+~b~côth^b^^ (19)

where RIT = the reflectance of the surface of 

the second layer

r ^. = the reflectance at the bottom 

of the penetration layer (assumed 

to be the reflectance of unprin­

ted stock)
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a - (Kti  + Sjji/Sji 

o k 
b = (a - 1)2 

An equation analogous to equation 19 

can be written for layer III to give Rjjj  in 

terms of K!, S!, Y_ (the weight of ink per 
118 

unit of the surface layer) and .

The total reflectance of the print, 

however, is the combination of the reflectance 

of the printed portion (Rj) and the reflec­

tance of any unprinted portion (Rm») caused 

by incomplete coverage of the stock by the ink. 

The overall reflectance for this model 

of a print can be computed using an equation 

developed for the relationship between reflec­

tance and coverage for half-tone prints, A 

half-tone print achieves tonal variations 

through the combination of printed area 

(small half-tone dots) and unprinted area 

(stock). In 1936, Murray (97) presented a 

relationship that is summarized in equation 33
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for the overall reflectance of such prints

that is summarized by equation 33» Equation 

33 is based on the assumption that the diffu­

sion of light is negligible between areas 

of differing reflectance (i.e., between 

half-tone dots and the spaces between them),

Rp = FRIZI + (1 - F)RZ (33)

inhere R = the reflectance of the print 
P

F = the fraction of surface that is 

not covered.

Of course, diffusion of light between these 

area does occur and does influence the over­

all reflectance, Rp. To correct equation 33 

for this cross diffusion, Yule and Neilson 

(98) modified it by introducing the para­

meter "n" as shown in equation 34:

Rp = ((1 - F) Rz + FRjjj)n (34) 

where n = an empirical value that is a 

function of the dot size and 

the type of paper used in printing.
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Yule and Neilson determined experimentally the 

values of "n", finding that it ranged from 1.3 

to 2 for several combinations of dot sizes and 

paper stocks. They found that high values of 

"n" are associated with prints on uncoated 

stocks made with small dots (both conditions 

tend to increase the amount of diffusion be­

tween printed and unprinted areas).

Thus, according to these models, a 

print's reflectance can be calculated from 

equation 34. For both Models I a and b, the 

calculation of the reflectance of a print at 

a particular wavelength can proceed in a 

straight forward manner when the following 

are known1 1) the absorption and scattering

coefficients of both the ink and the paper 

substrate that contains ink: 2) the amount 

of ink in each of the various layers ; and 

3) the reflectance of the unprinted paper. 

Item 2 can be obtained from transfer data 
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using the modified Walker-Fetsko equation 

given in Part II. Therefore, from a series 

of proof prints using the same ink and print­

ed following the procedure outlined earlier, 

it is possible to determine the remaining 

unknown variables. This calculation may be 

done by minimizing the sum of the squares of 

the difference between calculated and mea­

sured values of Rp using standard search 

techniques described earlier (41).

Model 2 (shown in Figure 20) is a sin­

gle layer model in which it is assumed that 

all the ink penetrates the stock forming a 

single uniform layer that is similar to the 

second layer of Model lb. Model 2 further 

assumes that the absorption coefficient of 

the stock is small compared to that of the 

ink and that the scattering coefficient of 

the ink is small compared to that of the 

ink bearing stock. These assumptions, which 

are analogous to the ones made in calculating
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Figure 20 - Single Layer Model of an
Ink Film Model 2

print 
surface

K. ,S
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bleach strengths, yield equations 35 a and b 

for K/S and St for the single ink-containing 

layer

P

St = SJ

Note that in this model the absorption 

parameter is the product . This implies 

that an increase in an ink's absorption coef­

ficient due to increased pigment concentra­

tion or better milling could cause a propor­

tional decrease in the amount of ink required 

to produce the same reflectance at a given 

wavelength. A similar proportional relation­

ship exists between the concentration of ink 

in a bleach and the absorption coefficient of 

wet ink. The difference between the absorp­

tion coefficients measured in bleach tests 

and on prints, however, is unpredictable be­

cause of the problems described earlier.
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Graphical Method

A practical method of approximating 

the relative printing strength that does not 

require numerical calculations was developed. 

The graphical procedure is given below 1 

1, Plot the reflectance versus print weight, 

preferably on semilog paper with the 

print weight on the log axis and the 

reflectance on the linear axis.

2. Determine by interpolation the print 

weight necessary to produce a standard 

reflectance well above the minimum re­

flectance for a reference ink. For the 

trial calculations this standard reflec­

tance was set at 20# at 620 nm wavelength.

3, Repeat the above procedure at the same 

conditions for the test ink.

4. The relative printing strength is then the 

weight of the reference ink at the stand­

ard wavelength and reflectance level di­

vided by the weight of the test ink.
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This is illustrated graphically in Figure 21 

which shows a typical plot of experimental 

data. This method of analysis is less rig­

orous than the Kubelka-Munk models but has 

the advantage of simplicity. Great care 

should be exercised in chosing a standard 

reflectance that is in the "mid-range" of 

the prints because this range offers the 

best combination of precision of measurement 

of print weight and of reflectances (see 

Figure 21). The absolute precision of the 

reflectance measurements is independent of 

reflectance, hence, the precision expressed 

as percent of measured reflectance is lower 

on the lighter prints ; however, the absolute 

precision for print weights is also indepen­

dent of print weight, hence, the precision as 

a precent of measured weight is higher for 

the lighter prints.

Experimental

The dispersions of copper phthalocya-
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nine pigments in alkyd resin prepared in Part 

I were printed on two different stocks using 

the Fogra Printability Tester (a small proof 

press) described in Part II, The weight of 

each print was determined by weighing the 

printing cylinder before and after printing 

on a5 place balance to *0.00001 g. The weight 

of the ink on the printing cylinder before 

printing and the weight transferred to the 

paper were determined from these measurements. 

The parameters for the modified Walker-Fetsko 

equation were obtained using a simplex search 

program also described in Part II. The prints 

were allowed to dry for one day and were ex­

amined using a KCS-40 automatic spectropho­

tometer manufactured by Kollmorgen Corporation. 

The prints were made using two stocks, and 

uncoated stock which was readily penetrated 

by the ink, as indicated by the printability 

parameters, and a coated stock which produced 

prints with little penetration (good holdout).
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Bleaches

Bleach tests were conducted on the inks 

using DIN 53-234 as described previously. In 

these tests, the bleaches were prepared by 

mixing paste and ink at a fixed ratio of 100il 

The white paste was prepared by milling 80 

grams of zinc oxide with 120 grams of the 

alkyd resin used in preparing the phthalocya­

nine blue dispersions. Use of the same ve­

hicle for both bleach and dispersion prevented 

false bleach measurements caused by incompati­

bility of vehicles. The finished bleaches 

were examined spectrophotometrically using a 

bleach holding cell which consisted of two 

glass slides separated by spacers, leaving a 

gap of approximately 2 mm. 

Calculations and Results of Comparison of 

Prints and Bleaches

The transfer coefficients for the modi­

fied Walker-Fetsko equation were obtained for 

all series of inks using the sum of squares 
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of the error criterion described earlier. As 

expected, these terms (described in Part II) 

indicated that more complete coverage and less 

penetration occurred with the coated stock. 

Analysis of Models l a and b

Models l a and b were used to fit ex­

perimental data using five unknowns, K^, Sp 

K , S and n. These fits were very poor. 
P P

Consequently, Models l a and b were modified 

to calculate a pseudo-Walker-Fetsko transfer 

coefficient, K, from the colorimetric data 

assuming a value of two for the Yule-Neilson 

constant. A typical curve fit for these mod­

ified models is shown in Figure 21. Note 

that the fit is extremely good for this model. 

The values for the optimized parameters are 

shown in Table 3, The calculated absorption 

coefficient of the ink is roughtly 10,000 times 

greater than that of the paper. Furthermore, 

the scattering coefficient of the ink multi­

plied by the weight of ink on the paper is
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Table 3

Typical Results of a Least Squares Fit of 

Reflectance vs. Print Weight 

(Pigment1 Ciba-Geigy PD-989) 

(1 Mill Pass) 

(Model l a)

(Yule-Neilson Constant Assumed Equal to 2)

Ink Properties K| 1.796

S! 0.05373

Paper Properties 0.0001295

S' 0.7622
p

Modified Transfer Coefficient K=5.157 

(based on reflectance data) 
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roughly 10 times that of the paper. Further­

more, the calculated value of the modified 

Walker-Fetsko coverage parameter is large 

enough to eliminate the influence of un-inked 

areas. Therefore, it appears that the attempt 

to include the effect of incomplete coverage 

produces a negligible increase in the accuracy 

of the prediction of variation of reflectance 

with print weight. Furthermore, these re­

sults indicate that the relationship between 

reflectance and print weight may be adequately 

described by two numbers : an absorption co­

efficient for the ink and a scattering coef­

ficient for the paper. This conclusion is con­

firmed by the accuracy of fit for the two-con­

stant model (Figure 21 ). Note that, mathema­

tically, model 2 is not identical to models 1 

a and b because the scattering coefficient of 

the ink is not included in the calculation of 

Riit » the reflectance at the top of surface 

layer.
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Nonetheless, model 2 and the modified 

version of models 1 a and 1 b produced equally 

accurate fits. Note that model 2 also., presents 

the advantage of eliminating the use of ithe 

Walker-Fetsko transfer equation, thereby elim­

inating a potential source of error as well as 

a computationally time-consuming step. There­

fore, model 2, the simpler model, was used for 

the remaining analyses. 

Comparison of Model 2, Bleach Test and Graphi­

cal Calculations

Computation of absorption coefficients 

obtained using model 2 were compared with 

bleach measurements and the results of the 

simplified graphical analysis. In order to 

calculate a single value that could be com­

pared to the single value obtained from bleach 

strength measurements or the graphical method, 

absorption coefficients (K^) were calculated 

from model 2 by holding the scattering coef­

ficient constant for all prints made on the
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same stock. Thus, any difference in ink prop­

erties would be reflected in the absorption 

coefficient. The scattering coefficient used 

was 0.6273, the value obtained from the best 

fit of reflectance versus print weight for 

Ciba-Geigy Pigment subjected to 10 passes 

through the three-roll mill.

Computed values of the absorption co­

efficients obtained using Model 2 are shown 

in Figure 22 as a function of dispersion 

time. Bleach test results are shown in 

Figure 23, Appendix E summarizes these values. 

The units on the x axis are arbitrary. On 

Figure 23, as with bleach measurements of 

earlier workers (6), the absorption coeffi­

cients, in general, show modest increases in 

strengths as dispersion times increase.

It should be also noted, however, that 

one set of dispersions (those made from CIBA- 

GEIGY pigments) produced prints which were 

significantly lighter than would be predicted
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Figure 22 - Relationship Between Calculated 

From Model 2 at 620 nm and Mill 

Passes
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Figure 23 - Relationship Between Bleach Strength 
(prepared at 100:1 Bleach to Ink 
Ratio) and the Number of Passes 
Through the Three-Roll Mill
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by the bleach test. In other words, al­

though the bleaches made from CIBA-GEIGY 

dispersion were very much darker than 

those made from other pigment dispersions, 

the prints were not darker.

These figures indicate that bleach 

measurements are not related to color stren­

gths of prints made from different pigments 

and confirms the practical importance of us­

ing print strength tests,

A comparison was made of the absorp­

tion coefficients with the print weights to 

give a 20 % reflectance at 620 nm. The pur­

pose of this comparison was to serve as a 

measure of the agreement between the Kubelka- 

Munk model and the graphical method. Lack 

of a good correlation would cast doubt on 

the validity of the computational method 

used to obtain the absorption coefficient. 

As can be seen in Figure 24, a strong rela­

tionship does exist. Furthermore, the values
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Of K predicted from the fit of all the prints 

lie very close to the value predicted for the 

print using model 2 (the curved line) with S= 

0.6273, Rg = 81.19$.

Influence of Stock on Reflectance

In general, the two stocks have simi­

lar reflectances at equal print weights as 

shown in Figure 25. Obviously, for heavy 

prints, the reflectance approaches the mass 

tone, which is independent of stockj however, 

it should also be moted that lighter weights 

as well have similar reflectances. "Medium 

weight prints", that is prints have reflectan­

ces slightly higher than the lowest, appear to 

be significantly influenced by stock. These 

"medium weights" are the weights of most com­

mercial prints. 

Influence of Print Weight on "Purity"

Model 2 may be simplified by assuming 

that the depth of the inked layer is "infi­

nite" (i.e., that the layer is so thick that
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changes in thickness do not affect the re­

flectance). This assumption allows for the 

derivation of an asymptotic relationship 

between print weight and Mpurity” that had 

been observed by Schaeffer (99) but never 

explained.

The derivation begins with the gen­

eral KubeIka-Munk equation for reflectance.

R 1 - Rg(a - b coth (bSx)) (19)

a + b coth (bSx) - Rg

where R - reflectance at the top surface 

of the material

- R = the reflectance at the bottom 
g

of the layer (here assumed to be 

the reflectance of unprinted paper) 

a “ (K + S)/S 
p i

b = {a - 1)2

K = the absorption coefficient of 

the layer

S = the scattering coefficient of the 

layer

x = the thickness of the layer
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Note that the thickness only appears 

in the term bSx, When S is large (as it would 

be for paper), the term coth(bSx) rapidly ap­

proaches 1 as x increases. Therefore, the 

assumption that the film is infinitely thick 

is a good first approximation. For this inked 

layer of a print (or for any bleach), the 

ratio K/S has been shown to be given by equa­

tion 31 a 1

(5) - CbKi Kb (31 a)

11 Yi * s p

where and = the absorption and scat­

tering coefficients of the paper.

c = the volume fraction of ink in the layer. 
P

For inks which have penetrated white paper 

(or which have been mixed with bleaches) 

C K. K and C S, S : therefore, equation 
pi p pip
31 can be approximated by equation 36•

The experimental work has already

176



proven that equation 36 is adequate for 

prints. Let us now consider the relation­

ship between the observed reflectance, R, 

the amount of ink present, cp, and the term 

K^/Sp, According to Kubelka (48-50)» this 

relationship is given by equation 37% 
0

R= (Cp(K/Sp) * 1) - (Cp(KiSp) + IP - 1. (37)

A semilog plot of reflectance versus the 

term CpK^/S^ is shown in Figure 26, As can 

be seen from the figure, equation 38 serves 

as a very good approximation for equation 

37 for values of reflectance between 0,2 and 

0.651

R = 0.1641 ln(0.194cpKi/Sp) (38)

The form of this equation should be 

compared to that of the general equation re­

lating concentration of absorbing medium, 

transmittance, and optical density for trans­

mitting medial

T = ln(ck) - -ln(d) (39)
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Figure 26 - c K./S vs. Reflectance for an Infinitely 
pi p

Thick Film
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where T = transmittance - the ratio of 

light passing through a medium 

to the amount of light impinging 

upon the opposite surface 

c = the volume concentration of ab­

sorbing material

k = a constant for a given absorbing 

material

D = optical density.

Although equation 38 is slightly more 

complex than equation 39» the exponential re­

lationship between the reflectance and the 

amount of ink present is analogous to the 

relationship between c and T. Equation 38 

is the basis for an interesting and useful 

property of the reflectance spectrum over 

the range of visible light. First, note 

that increasing the amount of ink present by 

some amount cp result in a change in reflec­

tance, R, which is independent of the orig­

inal value of R and the value of K^/S^. Thus 
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for colored material for which equation 38 is 

valid, changes in the concentration of color­

ant will result in parallel displacement of 

the reflectance spectrum. Figure 27 shows a 

series of prints of various weights made on 

the same stock with the same ink. Note that 

the curves are approximately parallel espe­

cially for the lower, more reflective wave­

lengths.

Human color perception can be de­

scribed mathematically by the three tristi­

mulus values described earlier. These values 

are calculated from the diffuse reflectance 

spectrum using equations 24 a, b and c.

720
X = f x(x)R(x)d (24 a)

380 

720
Y = f y (X )R (X ) d (24 b)

380

720 '
Z = V z(X)R(X)d (24 c)

38O

where X, Y and Z = the tristimulus values
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Figure 27
Reflectances at Visible Wavelengths for a 

Series of Weighed Prints Made from the Same Ink
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x(X), y(X) and z(X) = the tristimu- 

functions and depend upon both the 

nature of color perception and 

light source

R(X) = the reflectance of the material 

over the range of visible light 

= wavelength (nm)

Substituting equation 38 into equation 

34 yields, upon rearrangement, equation 40:

X = axln(Cp) + x (40)

720 
where a„ = -0.1641 5 x(X)d 

x 38O
72.0

x = 0.1641 x (X) ln(0.194Ki(X) 

/Sp( X) ) d .

The equations for Y and Z can be obtained also, 

Obviously, the tristimulus values of a series 

of prints made at various print weights from 

the same ink will be linear functions of ln(cp). 

The chromaticities are defined by equation 25 

a, b and c:
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x = X/(X+Y+Z ) US a)

y = Y/(X+Y+Z) US b)

z = Z/(X+Y+Z ) (25 c)

The chromaticity coordinates x, y and

z should not be confused with the tristimulus 

functions xGM , y(^) and z (M . Chromaticity 

plots of x versus y are frequently made. On 

such plots, the chromaticity values of a series 

of prints will lie along a straight line. If 

the "origin" of this line (i.e., the point 

determined by cp=0) is near the point repre­

senting the light source, then the purity 

should follow a simple relationship with film 

thickness.

The above relationship had been found 

experimentally, but not explained by Schaeffer 

et al. (99). In 1961, they published the 

reflectances of weighed prints made from 

phthalocyanine blue inks. Part of their re­

sults are shown in Table 4 and Figure 28. As 

can be seen from the figure, the exponential
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Table 4 

Chromaticity Values for PCN -lue Prints 

on Brush-Coated Paper 

(from Schaeffer - Ref. 99)

Dispersion

Film 
Thickness 

(k)

Dominant 
W ave- 
len?th 
(nm)

Purity 
«)

Brightness
(1)

LV-I-5 8.0 475.5 67.0 8.5

5.8 475.7 65.2 10.9

4.3 476.9 63.9 13.3

2.7 478.5 59.2 18.4

LV-V-5 8.3 475.2 68.5 8.3

6.0 475.6 67.5 10.1

4.1 476.5 65.4 13.0

3.0 477.8 64.0 15.3

LV-I-10 8.5 471.8 60.2 6.2

5.1 472.5 62.2 8.3

3.7 474.4 64.2 10.4

2.8 475.7 65.0 12.1

LV-V-10 8.1 470.5 60.2 6.4

5.4 472.0 63.O 8.k

3.7 473.9 65.0 10.0 -

2.9 474.7 65.3 11.1
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Figure 28 - Influence of Ink Thickness on Purity 
for Data of Schaeffer (Ref. 99)
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Part IV

CONCLUSIONS

The research described in Parts I, 

II and III has yielded several conclusions. 

1. It has been demonstrated that existing 

bleach tests inadequately measure the 

color strength of inks and that an al­

ternative method which uses the color 

of prints is advantageous, useful and 

feasible. Differences between bleach 

tests and actual printing conditions 

have been demonstrated to cause some 

pigment dispersions to appear stronger 

in bleach tests than they appear when 

printed. By using the simplified print­

ing strength test presented here, the 

ink maker can avoid such pigments and 

produce his products more efficiently 

and cheaply,

2. In addition, it can be concluded that 

the primary mechanism of dispersion in 
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process equipment is collisions between 

aggregates caused by high shear. Pro­

ceeding from this assumption, it is pos­

sible to derive a system of ordinary dif­

ferential equations which describe the 

change in the particular size distribu­

tion with time and which correctly pre­

dict the qualitative relationship between 

grindometer scratch count readings and 

dispersion time. This system of equations 

also predicts a quantitative relationship 

between pigment loading, dispersion time, 

and the particle size distribution ob­

served by other workers, More detailed 

experimental research in this area is re­

quired before this system of equations 

can predict ink properties quantitatively. 

Controlled measurements of scratch count 

at various dispersion times and pigment 

loadings are needed to confirm the theore­

tical treatment (the effect of changes in 
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viscosity at various loading levels could 

also be included in such studies).

3. Modifying the Walker-Fetsko equation 

by replacing the first exponential term 

with a hyperbolic tangent gives a better 

fit of experimental data, especially for 

thin ink films. This is because the hy­

perbolic tangent is a better approximation 

of the distribution of the size of surface 

irregularities.

4. Wet gloss on a grindometer drawdown can 

be used as a measure of the quality of an 

ink. It has been proposed here that this 

measurement is related to the presence of 

aggregates smaller than those which cause 

scratches. The results may be influenced 

by extremely weak inks that do not hide 

the grindometer. For all other inks, this 

measurement may be a more reproducible al­

ternative to measuring the mottle point.
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relationship holds for the inks labeled 

"LV-I-5" and "LV-V-5" but not for "LV-I- 

10". For these last two inks, Schaeffer repor­

ted that surface bronzing occurred. Surface 

bronzing is a surface phenomena sometimes 

occurring when an ink does not penetrate 

the stock.
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Number of JOn lnk on
Roll Mill Cylinder

Dispersion Passes (kg/mZ x 10^) (kg/m2 x 105) 460 500 540 620
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APPENDIX E

Absorption Coefficients for Bleaches and Prints 

(All Premixing for 5 Min. Unless Otherwise Noted)

Number K

of Mill K K/S Model

Dispersion Passes (Model 2) Bleach (K/S)

Cyanamid 1 1.420 0.855 1.661

3456 3 1.461 0.842 1.735

(0 Premix) 5 1.330 — ——

25 1.534 0.798 1.922

50 1.729 — —

Cyanamid 1 1.584 0.759 2.087

3456 3 1.542 — ——

10 1.576 0.786 2.005

50 1.501 0.875 1.715

Crude 1 0.5585 0.266 2.100

PCN 3 0.5136 —— —

5 0.7403 0.289 2.562

10 0.8466 — —

25 0.9878 — ——

50 1.035 0.410 2.524

Ciba-Geigy 1 1.313 1.09 1.205

PD-988 3 1.277 1.11 1.150

5 1.215 1.11 1.095

10 1.240 1.11 1.117

25 1.404 1.10 1.117

50 — 1.12 1.276

DuPont 1 1.140 0.694 1.643

BT-4490 3 0.9963 0.722 1.380

PS-92778 5 1.110 0.613 1.811

10 0.9860 0.689 1.431

25 1.167 0.726 1.607

50 1.156 0.732 1.579
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