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A TISCUSSION OF THE PRINCIPLES OF GLASS BEAD REFLECTORIZATIOW
It has been estimated by Ashman (1) that the 48 states used nearly 2t million
gallons of traffic:-paint of-all kinds in 1950, On the basis of returns from 373
states to the same author, nearly one-half of all white paint and twd-thirﬁs of
the yellow, to%aling almost lﬁ-million gallons, were reflectorized with glass beads

in 1950, At normal application rates, this means a total consumption of more than

6 million pounds of beads for that year, and a most significant trend is revealed
in the fact that these Ffigures represent an increase over the previous year of 67
and 59 percent respectively in the amount of white and yellow paint so reflector-

ized, This is fairly big business, and its rapid growih 1n recent vears gives
g i k & N &

definite notice that glass veads raovs cecome uin lmportant highway material whose
fuﬁctioning mist be thercughly wicérstocd and propercies carefully evaluated in
crder to realize maximum beﬁefits from their use.

It is the purpcse of this paper, therefore, to discuss scme of the more im-
portant principles governing the use and performance of glass beads ia $raffic
paint to serve as a basis for the design of adecuate tests and iutervrelation of
their significance., TFortunately, the application of theory to praciice is so di-
réct‘in mogt instances that laboratory tests can easily be devised to faithfully

predict performaras in service, Morsover, the intelligent application of these

principles to the whole problem of head reflectorization brings immediate and sub~
stantial dividends of a very practical nature, as will appear later in the paper,
The subject matter of the discussion which fellows is divided among three major

topics: 1) the effect of chemical composition on properties of the glassy 2) the

effect of physical properties of the beads on performance; and 3) principles of

application, It should be emphasized at the outset that little time will be devoted

%o rigorous proofs or derivations of physical laws made use of in developing the

(L) G, W. Ashman, “Present Preferences in Traffic Paint,¢ Highway Research Board
Bulletin No, 36, May, 1951, ,




su'ject, On the contrary, the main object is to point out how the recognition and
utiligation of certain fundamental principles and vphysical laws can be made Lo ade
vance the ari of glass bead reflectorization and thus serve the best interesis of
all concerned,

THE EFFLCT OF CHEMICAL COMPOSITION ON PROPERTIES OF THE GLASS

Giass has been defined by Morey (2)* as ",...an inorganic substance in a con-

dition which is continuous with, and analogcous to, the liquid siate of That sub-
stance, but which, as the result of having been cooied from a fused condition, has
attained so high a degree of viscosity as to be for all practical purposes rigid.”
I% is important to understand that glass is, In effect, an undercoolied, high-
1y viscous liquid, When properly compounded and processed, the melt solidifies
on cooling teo form an amorphous, vitreous solid in which crystallization has been
inhibited or prevenited by the high viscosity of the ligquid at temperatures near
the meltihg point., When crystallization, or deviirification, occurs on cooling,
the glass ig ruined, Devitrification is probably the mosi im?ortant factor which
limite the range of composifion of commercial glasses, and may be caused by errors
in either composition cr heat treatment. Other compositions, satisfactory with
.respect to devitrification, are unsuitable because of enormously high viscosities
in the temperature rangé above the freezing point, which makes werking extremely

difficult,

Most glasses can be considered as composed of oxides, the acidic oxides most
commonly used being silica, 8102, boric oxide, B203, and phosphorus pentoxide,

L P205° Vanadium pentoxide, V205, argenious oxide, Asp073, and germanium oxide,

(2} G, W, Morey, "The Properties of Glass,” American Chemical Society Monogranh
No. 77, Reinhold Publishing Corporation, 1938,

* This standard work includes an extensive and thorough %reatment of the effect
of chemical composition on all of the important properties of glass, Togelther
with some of the more recent publications of the Fational Bureau of Standards,
it constitutes the principal basis for the present discussion of glass chemistry,
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Gelp, are also glass~forming but of limited use. Germanium oxide is excellent,
but too expensive. Phosphorus pentoxide does not have as marked glass-forming prop-
erties as either boric oxide or silica, and is no%t used much, DBoric oxide is widely
used, but onlj in silicate glasses, since when used alone or in too large amounts
the resulting glass lacks chemical durability., Almost all commercial glasses cone
tain zllica, which has the essential qualities of chemical durability and Freedom
from devitrification go a marked degree; in fact, if i{ were not so difficult te
melt and work, silica glass would ve the best type for most ordinary uses, Such
glasses have a relatively low refractive index, however, which handicaps their
effgctiveness in beads for pavement siripe reflectorization,

Because of the difficulty and cost of making silica glags, and in order to
secure glasses having certain speciai gqualiiliss, other cxides are added to flux
the silica and make 1% workable, A great many different metallic oxides are used
for this purpose, the particular ones selecied depending on the proverties de-
sired in the glass, Most of the common ones will be mentioned in specific appli-
cations a little later. A point that should not be overlooked in interpreting the
'significance of chemical tests is that comparatively small amounts {less %than 1
vercent) of some of the constituent oxides may greatly sffect the chemical and Dhys—
ical properties of thg glass. Whether these small quantities are added deliberately,
or whether iniroduced as an impurity in materials or Dby interaction of the glass
with the refractory container during melting, they should be taken into account
. when attempiing to relate composition with physical properiies,

For the present purpose, properties of primary interest related to composition
are ghemical durability, refractive index, density, strength, and color, The dis-

cussion of these topics which follows will also include some remarks on the signifi-

cance of applicable tests for glass beads where appropriate,
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sffect of Composition on Durability

Chemical durability, or resistance to aittzck by the atmosphere and corrosive
solutions, is in general a matter of prime imporitance in the utiligzation of all
glasses, Most optical glasges are exposed to air throughout thelr service life,
and are subjeci to the corrosive action of chemical constituenis in the atmosphere,

carried by the water which is always present, IHven pure water may atitack certain

glasses more severely than many strongly acid or alkaline solutions,
Sodium oxide is the best flux for silica, but the resulting silicate is solu~
ble in water, and other oxides must be added %o give chemical durability. Lime is

most commonly used For this purpese, and the resuliing product is the familiar

soda-lime-silica glass that makes up the bulk of commercial production, If %oo little
lime is added, the glass melts easily but has poor chemical durability; if too much,
the glass is hard %o melt and sure to devitrify, The best composition for pure
goda~-lime-silica glass is in the range: 3i0p, 7374 percent; Cal, 7-13 perceni;
Na,0, 13-20 percent,

Magnesia and zinc oxide can be advaniagecusly sudsitituted for part of the

lime, and aluminum oxide, A1203, zives better chemical durabiliiy and freedom from

devitrification, but too much makes the glass hard to melt and work, FPotassium,
rarium, and boric oxides all increase chemical durability and prevent devitrifica~

tion, but also. increase viscosity, They are helpful in small amcunis, but a large

proportion of any one of them has soms unfavorable eiffect,

Glasses contalining a high percentage of the acidic oxides, such as silica and

voric oxide, are resistant to acid sclutions, but less so to water and alkalis,

Conversely, glasses containing small amounts of these oxides are subject to congid-

erable attack by acid solutions; in fact, some of the extra-heavy lead and barium
" glasses can be decomposed sufficiently for chemical analysis by digestion with

hydrochloric or nitric acid,




I

Darability Vs, Serviceability: - While the ability of a glass to maintain an

optically clear and polished surface is a measure of 1is serviceability, it is also
true that some optical glasses of relatively poor chemical durability give excel.

lent service (3). It has long been lknown that the formation of films on optical

" glasses in certain cases actually improved performance by reducing externsl reflec-

tion, and the discovery of thisg fact was the basis for the present practice of lens
coating (4); When water or agueous solutions attack glass, the action is not one
of ordinary soclution, but rather one of progressive hydrdlysis and hydration, re-
sulting in a breakdown of the silicates and preferential solution of the rgaction
products, somewhat analagous to the hydration and leaching of portland cement. In
certain glasses this preferential Solutign of alkalil and other metal ions ﬁy water
leaves a surface film rich in silicsz, which has a considerably lower refractive
index than the base glass, Although this film is not as effective as one of con-
trolled thickness and refractive index,* 1% 1s sufficient o give noticeavle im-
provement in transmittance and reduction of external reflection.

The foregoing should by no means be constirued to mean that all dull surfaces
and evidences of poor durability are beneficial to optical performance, muehed,
pitted, and otherwige damaged éurfaces are in an entirely different category.
Rather, it is intended to emphasize the fact that seryiceability and chemical dura-
bility are not synonymous %terms, dut represent distinctly different properties,

For this reason, a laﬁoratory test for chemicai durability based only on weighti

loss by extraction with water or apoarent dulling of surface luster may wrongly

(3). Donald Eubbard, "Hygroscopicity of Optical Glasses as an Indication of Service-
“ability,® J, Research NBS 36, 365 (1946) RP1706,

{4) TDonald Bubbard and Gerald ¥, Rynders, “Chemical Durability, Specular Gloss,
and Transmittance of Optical Glasses,” J, Hesearch NBS 41, 477 (1948) RP1933,

* For optimom results, the refractive index of the film should be the sguare
root of that of the base glass, and its thickness one-fourth the wavelength
of the incident light,

N
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condemn a perfectly satisfactory elass, Optical tests before and after exposure
to attack are the only reliable method of distinguishing accepiable glass beads,
In our own laboratory it has heen observed that weight less of a glass bead sample
by e#traation bears no evident relation to dulling of surface luster, and neither
criterion is an infallibvle indication of subsequent optical performsnce, In one
cCas®, refléctivity of the glass beads was improved after refluxing for 90 hours

with distilled water in spife of a substantial weight loss in the process,

Long life i1s not an essential quality of pavement marking beads, since most
markings are renewed annually, It is only necessary that the glass beads retain

their reflective power through the effeciive life of fhe pavement 5tripe, which

in turn is regulated chiefly by the performance of the paint, Chemical durability,
then, is not as significant as serviceability in evaluating glase beads for pave
mént reflectorization, A test for hygrosqopicity of glass as a measure of service—
ability has been used and described by Hubbard (3), but vhotomeiric tests are more
praciical and direct for glasgs beads when equipment for making such itests is avail-
able,

Bffect of Composition on Densiity and Refractive Index

‘Because of the nature of glass, its density 1s approximately an additive

function of its composition, a relationship which is generally true of all Iiguids (2),

Silica and bvoric oxide are the lowest in density, followed by the oxides of aluminum,

' -

sodium, poiassium, magnesium, iron, calcium, zinc, barium, and lead, The factors
used to compute the density of glass from percentages of its constituent oxides
are net greaily different for the common ingredients of ordinary soda-lime-silica

glass, so that the composition can vary within rather wide limits withou% greatly

affecting density., Appreciable guantities of barium and lead in the heavier crown

and flint glasses have a marked effect on density however,
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Density is of interest largely for three reasons: 1) it determines the relative
amount of reflective surface furnished per pound of veads of a given gize; 2} it

affects application procedures through its effect on the sedimentation rate of beads

in paint; and 3) it is related closely to refractive index., As a general rule, the

refractive index increases as the density increases, but the relationship is not
: linear. Refractive index is a very important property indeed, and its significance
: 'y 1 >

will be discussed in some detail a little later, in connection with the effect of

physical properties on bead performance,

Hffect of Composiftion on Crushing Strengih

There is very. little published information on the relation of glass composition
to crushing strengih, and étill less un sirengen &8 devtermined In current methods
of glass bead testing. The resulus of compressipn tests by Gehloff and Thomas on
a series of glasses derived from a {two-component soda-silicate glass by the subsii-
tation of wvarious metallic oxides for part of the gilica are given by Morey (2),

These tests were performed on very emall glass prisms and indiéated that the alkalil

oxides reduced sirengih most, The order of effect of the various oxides is given

as: 41205, (8i0p, Mg0, Zn0), B203, Fez03, (Bal, Cad, PbO), Nap0d, Xp0, the oxides in

parentheses having about ine game effect, o correlation was found betwsen crughe
ing strength and tensile sirength,

More recently, the work in Missourl reporied by Lyon and Fobinson {(5) also

ghows generally greater strengths for the high-silica beads, tut the effect of
composition is clouded somewhat by considerable variabtion in physical characterigtics
such as surface condition, internal milkiness, etc, IBzxperience in itesting beads

from various sources in our own laboratory has given further svidence of the sane

general relationship vetween strength and silica content,

{5) V. H, Lyon and D, L, Robinson, "4 Study of Glass Beads for Reflectorizing
Traffic Paint," Proceedings, Highway Research Board, Vol, 29, p. 245, (1%49)

-7 -




Effect of Composition on Color

When light enters glass, some of it is absorbed, and some transmitted, If
the absorption is small and uniform for all wavelengths of visible 1ight, the glass
appears clear and colorless, As the overall absorption increases, the glass be-
comes greylsh in color, Wheﬁ the glass selectively absorbs light of any given wave-
length, the hue of the {transmitted light perceived by the eye ig the composite of
the reﬁaining colors Qf the visible spectrum, In short, the apparent color of the
elase is the complement of the absorbed color when the incident 1ight POSSESLES &
continuous specirum,

. For the most part, colors encountered in beads for paint reflectorization are
those incidental to the compounding of the glass and are not added intentionally,
Iron oxidé is usually present as an lmpurity in commercial glasses, glving either
a greenish color or a weak yeilow depending on whether the oxide is ferrous or
ferric, The addition of other oxides as "decclorizers®™ masks or neutralizes the
color but resplts in a réduction of transmission, High grade optical glasses are
produced with transmissions of mo;e than 99 percent, but ordilnary window glass has
a iransparency of only 85 to 90 percent, The vresence of much lead or bariunm
oxide in the optical glasses of higher refractive index also decreasas the trans-
parency. The two oxides of WanadiUﬁ1VZG3‘and V205, give colors similar to those of
ferrous and ferriec iron reszpeciively,

There are two aspectis to the problem of cclor in glass beads. One, of course,
ig the fact that selective absorption weakens the intensity of reflex-reflecied
ligh%t, since the incident'beam must pass through the bead twice before being re-
turned %o the driver'ts eye, The other i1s the possibility of an objectionable color
modifigation of the painted siripe by the beads. So far, the decision as to what
constitutes objectionable color has been made on a purely subjective basis, There
appears to bBe no necessity for a "water white" color specification, however,  since.
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a noticeable color of the beads in vulk may be totally imperceptible when they are
applied to the paint in the required quantities, Some variaiion in color should
be permitted as long as there is no appreciable alteration of the color of the
paint stripe, and color specifications which are unnecessarily restrictive may
hamper the devélopment of glasses superior in other respectis,

Fvantually it may be feanmible to use a.yallow bead with yellow traflic paink.

Such a practice may help prevent. the "washing out® of the backeground color by the

moye brilliant beads, which is so noticeable in most yellow reflectorized signs
of high specific intensity, The desirability of using colored beade will no doubtd
receive increasing consideration asg the reflective efficiency of pavemeni s.rines
approaches that of present beaded highway signs,
BFFRCT OF PHYSICAL PROPERTILS OF THE BRADS ON rERFPORMANGE
In the preceding section, the relation between chemical compositicn and cer-
tain significant properties of the glass was brought oul, and 1t was shown how

some of these preoperties, such as chemical durability and color, directly inilusnce

the service performance of the beads as such, The purpose of the discussion which
now follows is to explain the influence of the important physical oproperties of ths

bheads themselves, namely roefractive index, particle size, and flaws of various kinds,

on performance in a reflcciorized stripe,

While refractive iandex 18 not a property of the bead, but of the glass compos~
ing it, its significance is so intimately related to physieal form that it may

properly be included here for more detailed discussion,

Effect of Refractive Index on Distribution of Reflected Ligsht

Refractive index is one of the most important properiies of glass beads, since

it determines to a large extent the amount and distribution of reflected light.
The proportion of incident light reflected from the bead-paint interface is a
funciion of the difference in index of the two materials, while the pattern
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of the reflected beam depends on the fozal lengith of the bead-lens, which is de-
termined in turn by the refractive index of the glass., The subject of inter-
relation of beads and paint in reflex reflecilon will Ye taken vwp Iin a little more
detail alfter first explaining the principles of geometric optics apvlicable to the
performance of the beads themselves,

Reflection: - When light is incident on an interface of two transparent

media, 1% will in general be distributed in three ways; 1) a part of the light will

be reflected from the surface of the second mediumf 2) part will be transmitted:
and 3) the remainder will be absorbed, The proportion of light reflecied at the
boundary surface is a function of bvoth the angle of incidence and the refractive

indices of the two media, and is given by

R =1/2 sin®(i-x) + ffffié:fjx (13
i sin? (i+r) lﬁiﬁz(i+rbf

where R is the fraction of incident light reflected, and 1 and r are the angles
of incidence and refraction respectively. When one medium is air, the reflection

at normal incidence 1s

g o -1)%

- (n+l)é (2)

where n is the ratlio of the refractive index of the second medium +to that of the
first, The equation hqlds, and the reflection 1s the same, irrespective of which
medium is traversed first, ‘

| In Pigure 1, Bg, (1) has been plotted for three different glasses having re-
fractive indices of 1.56, 1.75, and 2,00 respectively, in air, These graphs show
that external reflection at normal incidence from é glass surface in alr is almost
tripled for an increase of 0,50 in the index of the glass, and that reflection

increases very rapidly at angles of incidence beyond about 500, io total external

reflection at 909,
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Befraction: ~ Refraction of light at a spherical boundary beiween two frans-—
parent medin is shown in Ploure 2,0 From the principloes of goonelrie opliva, we

have the relation

= + = = | (3)

where p is the distance of the light soﬁroe from the vertex O, q is the image

distance or focal length, ny is the refractive index of the first medium, np
the index of the second, and R iIs the radius of curvature of the boundary surface,
This equation is an approximétion wnich holds for rays near the axis and is suf-
ficiently accurate for the oresent yurvose, For the conditions under which glass
beads are prdinarily Viewed? the object distance p 1s so large in comparison to
the radius R that the incident lighi rays can be considered parallel and the
first term of Bq, (3) vanishes, Thus, for a glass of index 1,50 in air (nair = 1,00),
the focal surface is at a disbance 3R from the vertex O, or a disbance R behind

Can imaginary rear surface of a sphere, shown by the dashed line in the figure,
Similarly, %o focus parallel light on the rear gurface (q = QE)Mthe glass must have

a refractive index of Z,00.

Figure 3 is a sketenh of a section through a glass sphere embedded to a depth

of half its diameter in a third transparent medium, say an alkyd resin, of index

o Any varallel incident beam entering the sphere converges %o 2 point on the
axis of the beam at a distance P¥ behind the sphere. This distance is defermined
by the refractive indices of air, glass, and resing‘nl, Ny, and n3 respectively,

When n, and ng are equal, there is no change in direction at the glés“—resin bound-

ary and the distance PF can be determined by a single computation, If a spheri-

cally curved reflecting surface, GIH, conceniric with the sphere, is now placed at
F, the parallel rays of any beams which can enier the sphere will be refracted and

reflected symmetrically with respect to the axis of the beam, and again rendered

- 12 -



F

P T 9

FIGURE 2. REFRACTION OF LIGHT AT A SPHERICAL SOUNDARY

FIGURE 3. REFRACTION AND REFLECTION BY A GLASS SPHERE IN A THIRD MEDIUM

-'3_



varallel on emerging from the sphere, to be returned in the direction of the
source, 1t 1s also apparent from Figure 3 that if the rays of the incideni bean
are reflected from a point elther ahead of or behind the focal surface, they will
not emerge parallel, This is shown by tracing the ray along AA', which is re-
fracted to the point D on thé rear surface of a bead composed of an average glass
of index around 1,5, If this ray were totally reilected at that point, it would
emerge along E'E at a éonsiderable angle to the direction of the incident ray, 1T,
however, the index of the glass is increased to 2.0, the refracied ray 4D would
ve bent down to a focal point P on the rear surface, reflected to B! as shown by
the dashed lines, and emerge parallel to its original direction, 4s a corollary,
it may be stated that sphercids or ellipsoids of the lower index glasses will give
better reflex reflection than true spheres in trafiic paint, provided their long
axis is oriented in the general direction of the oncoming light source.

These principles are made use of in the construction of beaded sheets for
reflectorized signs of various kinds, Long-range visibility is'achieved by placing
beads of a given refractive index on a transparent Tilm of controlied thickness
(approximately equal to R + ‘P® in Pigure 3}, backed by a highly reflecting
metall;c foil, In this way %the amount of light reflected is increased, and this
rgturned light is conserved in a relatively narrow cone of high intensity. Such
a-reflecﬂing surface is usually plans, however, so that it contains the focal point
only at normal incidenée and brighitness falls off rapidly as the angle of incidence
iﬁcreases. Since the focal length of the bead is a function of its radius, it is
obviously advaniageous that the headé be as uniform in size as rossible for this
type of conétruction. With sufficiently high refractive index of the glass, the
focal surface GFH is brought up to the rear surface of the ﬁead, making a spacing

coal unnecessary,
- 14



If the beads functioned in the ideal manner just described, the resulting
perfect reflex refiectiion would have little practical value, because all of the
incident light would be returned tc the source without reaching the eye of the
driver, Actually, however, thelinherent abverrations in spherical lenses of thig
thickness and curvature are more than adeguate %o produce the necegsary disper-
gion for useful reflax reflection. Ae menticned praviouely, Hg. (3) ip only an
approximation to the fermula for refraction at a shperical gsurface, It holds

only for rays near the-axis, A more exact relation (6) is

= L2 W

n no no - oy . EE (ny - nl) n12 ny (no + ny) (1
R P

q R 2 npc B , P
where the notation is the same as in Eq, (3), and h (Figure 3) is the distance of
the parallel ray from the axis, Thus, to bring a ray which is incident at h = R

to a focus at the rear surface, no ig found from Bg. (&) to be 1,75, and for one

at h = %, the value of thevrefractive index to accomplish the same purpose is 1,96,
When h = 0, the second term on the right of Zgq, (%) vanishes, and the relation re-
duces to Eg, (3). TFrom the foregoing it is evident that all parallel rays incident
on_the sphere cannolt be brought to a focus at a single point, By taking the verti-
.-cal‘coordinate'of the centroid of the circular arc OA'K, which is equal to %ﬁ, as
an average or resultant value of h, the corresponding average value of refractive
index for optimum reflection is found to‘be about 1.90., Since external reflection
increases rapidly as h approaches R, most of the light incident at the extremes of

the diameter does not enter the sphere and the optimum index will be somewhat greai-

er than 1.,90.

(6) TUnpublished discussion by Walter L, Weeks, Physics Department, Michigan
Siate College,
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Tnter-relation of Beads and Paint in Reflex Reflection

As shown earlier, the amount of light reflected from an interface of two
transparént media is a function of their refractive indices. Referring again to
IMgure 3, assume now that a tréffic paint has replaced the Lransparent resin which
holds the bead, Since the finely divided pigment particles are enveloped by the
vehicle, they do not come in direct conbtact with the bhaad, but are separated from
it by a film of wvehicle ab least one molecule thick, Hence, when a veam of light -
strikes %this interface, the portion reflected is determined by the refractive in-

dices of glass and vehicle in accordance with Bq, (1), The‘remainder is btrange

mitted through the vehicle, with some loss by absorption, to the multitude of

tiny pigment particles where some of it is abscrbed, some transmitted and the
balance diffusely reflected, The amount of light reflected from the pigment parti-
cles, again, is a function of thelr refractive index in relation %o that of the
.vehic;e, and the amount ftransmitted through them depends on their abscrption
characteristics,

From the above considerations, 1% 1s quite evident that beads and paint are

intimately related in the reflective process, With a glven bead, the amount of

.réflected light can be influenced considerably by the characteristics of wvehicle

and pigments in the paint in which it is placed. The converse is also irue,

Compatibility of Beads and Paint: - Another phase of the bead-paint relation-

ship is mutual compatibility with respeqt Lo inkerfacial tensions, or weiting of
the bead by the paint., It is important that the painit welt the bead sufficicenitly
to form a bond that will resist dislodgement of the beads, Too great an atirac-
tion will cause the beads to "drown" too easily; too 1ittle will result in

poor bond, The photogravhs of Figure & illustrate this point, In the first
vhotograph, taken at an age of lesg than 1 week, the wetfing isg almost excessive,

The paint has crawled up the sides of {the spheres o an extent which limits
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ini@ial reflex reflection at long range, as will be shown presently. The second
photograph shows a small area of & reflectorized stripe at the age of 7% monihs.
Although the paint itself is %31l in good condition, the beads have almost en-
tirely disappeared, The bead sockets and the few beads remaining in the paint
seem Lo indicate a negative capililarity, with conseguent poor retention, This is
the_other extreme,

The %wo aspects of inter-relationship of beads and paint just discussed pre-
gsent a strong argument in favor of treating the reflectorized stiripe as an entity
rather than as a ¢omhination of independent materials. Any evaluation of ‘bveads ov
paint separately which does not take the above mutual effects into account is nec-
gsgarily incomplete and may be misleading.

Glass Bead Gradationsg

Mos% users have assumed thus Far that the glass beads should be uniformly
graded.froﬁ coarse %to fine, the theory being that the smaller beads would be suc~
cessively‘exposed for effective reilection as the paint wore-down, Al though the
theory is logieal and plausidle, there are no vublished data to show exactly the
relation between gradation and coentinuing optimum reflectivity, There are certain
well-estaélished facts, however, based on experience and simple geocmetry, which
definitely indicate the desirability of using beads of smaller maximum size. Thess
facts will be brought out in the ensuing‘discugsioﬁ. The mogt effective grading
below %ﬁis.maximum size remains to be determined.

Other things equal, the projected reflecting area ver pound of beads is great-

.1y increased as the average diameter of the beads is decreased., This is {frue be-
cause the volume and cross-sectional area are proportional to the cube and square
of the radius respeciively. If the radius 1s halved, it itakes eight times ag
many beads for equivalent volume. The total cross-sectional area of these eight
beads is twice that of the larger bYead. Similarly, if the average radius is
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reduced to one-third, the surface area is tripled, Since beads are sold by weight,
which is proportional to volume,“it is obvious that a dollar will buy more reflec~—
tion in the smaller beads,
Fortunately, the smalier beads not only are more econocmical but also have
- several other distinct advantages over the larger oneées, Pound for pound, small

beads, because of their greater surface-mass ratio, malintain wseful reflection

longer, thus adding materially to the life of the stripe, Not only is this truse
theoretically, but.it has also been amnly substantiated by esxperience., Tigure 5

is a photograph of a_month—old.stripe containing premixed beads overlain with larger
ones., For every large bead lost, represented by the empiy sockets in the picture,
four smalley ones of half the diameter would have %o be dislodged to bring about

an equivalent loss in reflection, The figure shows that the smaller sizes are

not 1ost in anywhere near that proportion, Marthermore, beitter distribution, with
accompanying uniformity of light return, is possible with the smaller beads., Other
advantages of the smaller beads are: 1) they can be premixed with the vpaint; 2) they
reduce drying time; 3) fthey reduce the effect of relative humidity on drying timgy
and %) first appearance of bleeding of bituminous material through the paint to

the under side of the bead is delaygd, These points are taken up in a little more

detail in a later section on principles of application, One more sigaificant fact

on bead size remains to be mentlioned, however, Apparently owing to the method of
manufacture, the percentage of irregular and fraémentary pafticles is nodicably
lower in beads of smaller size, This is one phase of the problem of imperfeciions
of wvariocus kinds occurring in glass beads, which forms the subject of the next

and final seciion,
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Effect of ITmperfections on Reflection

The most common imperfections occcurring in glass beads, and the ones gener-
“ally taken into account in evaluating the beads, are: 1) irregularly shaped parti-
cles; and 2) gas inclusions, The presence of extrancous material and other imper—

fectiong of relatively rare occurrcnce need not be considered here,

Particle Shape; ~ The test for roundness has received a great deal of atten-

tion and apparatus for measuring this cproperiy has reached an advanced stage of

development. As far as is known now, however, no one has deitermined the signifi.
cance of this property quantitatively. Fragments, of course, are practically use-~
less as far as reflex reflection is concerned and & large percentage of them cuts

1.

down efficiency, HNon-spherical shapes, such as sphercids, ellipsoids, ete,, are

probably not too detrimental, As mentioned previously, when these particles are
oriented with thelr long axis in the direction of light incidence, they give a
more efficient light return than round ones for the lower indéx glasses, If the

non-round particles are randomly oriented in the paint, the number of particles

with their long axis in line with the dirsction of light should compensate approx-
imately for those not so oriented in the efficiency of light return, The ianfluence
of particle shape can be determined experimentally, and such tests should be per-

formed soon,

Gas Inclugions: - Gas inclusions are a serigus defect.in glass beads because

they interfere with reflex reflection and weaken the bead structurally. HExperi-
ments in the Michigan State Highway Research Laboratory show that losses in specific

intensity of 20 %o L0 percent can result from sxcessive gas inclusions in commer-

cially produced beads. The iests were performed by measuring the brightness of
two sets of panels coated respectively with beads which had been separated at a
predetermined specific gravity into two fractions by a sink-float method. Work

- 20 -




is now under way fo find a satisfactory method of measuring gas content, The
prodlem is complicated by the fact that cptical characteristics are influenced
strongly by the size and number of the bubbles as well as the total volume of
g8 present,

Tests such as these, and others currently being developed for clarity of glass
beads, are probably helpful mostly from the standpoint of providing a general back-
ground of knowledge for development of the product and interpretation of test re-
sults., In the final analysis, photomeiric tests give a pracilcal and realistic
pigture of prospeciive performance unobitainable in any other way, In these tests,
the effects of refraciive index, roundness, gas inclusions, and imperfeciions of all
kinds are lumped into one resultant figure representing optical performance, Jor
specification purposes, measurement of the contrivuating properties is probably
UNnecessary. | |

PRINCIPLLS OF APPLICATION

Application of transparent spheres for the purpose of reflectorizing pave-
mant marking stripes can be said to invelve two ftechniquss, In the first of
these, the beads aré dropped directly on the wef'paint; in the second, beads are
mixed in the vaint and the combination sprayed through the gun, In some instances,
both methods are empleyed simultanecously (overlay).

Bead dispensers designed for use in dropping beads on the fresh paint are
positioned low on the paint truck, as close ag possidble to the.stripe, in order
to minimize effects of alr movement and mechanical vibration, They are located
approximately 1 £t, behind the spray gsuns, so that the paint has had contact with
the pavement a 1ittle more tﬁan a tenth of a second before it is covered with beads,

Although beads applied by dropﬁing impart the highest initial reflectivity,
the %technique is open to several objections, Iﬁ is very difficult to assure uni-

form dispersal of beads across the width of the paint stripe (see FPigure 6),
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A large percentage of beads are lost as g result of winds, inaccurate orientation
of the dispemser, or other mechanical variables not necessarily under the control
. of the operator., Also the beads may tend to pick up molsture from the air and
clump together,

For theée and other reasons, inierest has developed in spraying paint contalning
premixed beads, depending on traffic to expose ihe upper surfaces of the veads in
the top layer of the paint film. Inltial reflectivity is indarted to these siripes
by coating them with Just enough beads to vromoie reflectivity during the period
required for traffic %o start exoosing the premixed beads.

It has besn found that beads mixed in traffic marking paint and subjected to
the usual pressures of spray sapplication {40 to 80 psi, or higher on the vpaint, and
60 to 100 psi. for atomization) will undergo considerable loss through rebound from
the pavement surface if they are larger than U.S, standard No, 60 sieve opening,
0,0098 inch. DBead loss through rebound of beads passing No. 60 sieve is practically
negligible,
. .The Michigan State Highway Department until recently has recognized two types of
beads for use in refleciorizing pavement marking stripes. These are Type I for
application on the wet paint film through a bead dispenser, and Type 1I for use pre-
mixed iﬁ the paint, These types are identical in every respect exéept for their

gradations, which are shown in Table 1,

TABLIE 1
GLASS BEAD GRADATIONS
Sieve

Sieve Opening, Total Percent Passing

No, : inches Type I Tvpe I1
30 0,0232 100 .

Lo 0.0165 30 - 70

50 0,0117 10 - 35 100
60 0.0098 - 95 w 100
100 0.0059 0 = 5 45 -~ 75
200 00,0029 0 0~ 2
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Actually, it haé been found expedient in Michigan to use Type Il beads ex-
~clusgively, both in the paint and on; and specifications have heen revised accord-
inglyn Photog}aphs have Deen taken at large magnifications to show that the ma-
Jority of the small beads do not sink completely into the paint and become cover-
ed, provided ¥ pounds of beads per gallon have already been mixed in the paint,

Figure 7 illustrates an ideal apvnlication of this kind, ZFigure 8 shows the

apparatus used in making these photographs, IFarther, laboratory siudies have

shown that beaded panels prepared with white paint containing 4 pounds per gal-
lon of Type II beads and supporting 2 pounds per gallon of the same type will re-
flect fully as much of the incident light as is reflected by corresponding panels
with & pounds per gallon of Ty?e 11 beads in the paint and 2 pounds per gallon of
Type I beads on the paint, The latisr application is shown in Pigure 9, From an
economical standpoint, it would therefore appear advantageous to use the Type Il
beads exclusively,

In addition to the guestions of ovtimum size and other operationsl factors,
the depth of embedment of the glass bead in the paint film and rate of applicau'
tion of the beads are also important in relation to the efficiency of light re-
turn. These two phases of application are examined analytically in the succeeding

paragraphs,

Effect of Depth of Embedment on Reflex Reflection

Figure 104 shows a perspective skelch of a glass bead in a pavement stripe
recelving and reflecting 1light from the headlamps of a car somewhere to the left,
‘and Figure 10B a vertical section through the center of the same bead in the line

of light propagation betwesn source and reflector., The bead is shown embedded to

a depth of 50 percent of 1ts diameter and is presumed to have a refractive index

of 2,0, which brings paraxial rays to a focus at the rear surface,
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An incident ray along AAY, the lowest 1&vel at which light may enter, will

leave the bead along BB, apvroximately parallel to AAT, Refrsction cccurs at

the points A' and BY, and internal reflection at the focal point P, Similarly,
a ray incidant along BB! will emerge along A'A,

A parallel ray NN', normal to the front surface of the bead, will enter
without change in direction, pass through the center 0, and be reflected at

point P Yo retrace its path in the opposite direction. ©Since the internal path

of the rays is symmetrical with respect to the axls of the beanm, the chord AMBI
at right angles to the axis represents the limite of aperture in a wvertical plane,
hereinafter referred to as vertical aperture, through which light may be received

ant from the figure that any marallel ray XX°F

£

for reflex reflection, It is evi
entering the sphere above T+ will be doubly reflecied within the sphere below the
paint line and sent off in an ineffective direction,

The effective vertiecal aperture A'B' Is 2r sin o , where v is the radius of
the sphere and GL the angle the incident beam makes with the horizontal., The angle
0< changes continuously with disvance between bead and source, becoming larger as

the separation distance decreases, so that the aperture widens progressively as

- the bead is approached., It is obvious, therefore, that the efficiency of light
return becomes very small under the conditions of illumination ordinarily encoun-

tered in driving, when the beads are embedded to a depth of hali their diameters.

Where beads are embedded less than 50 percent, the vertical aperture for reflex
refiection is correspondingly greater, but this advaniage is offset to some extent
by the likelihood ¢f wpoor bead retention. At the small angles of illumination us-

ually involved, beads have to be embedded only slightly over 50 percent {up %o the

point N' in the figure, an increase in depth of approximately r sin & ) tc lose
the property of reflex reflection altogether. This fact should be of significance
when interpreting the efficiency of beads premixed in paint. Stripes of this kind
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nay be expected to show up clearly at short viewing distances at earlier ages
than would be the case at greater viewing distances.

Rate of Application

On the basis of an amsumed headlamp-to-pavement distance of 32 in., a ray
of 1light from a headlamp will impinge upon & glass bead 500 £4, in front of a
vehicle at an angle of 0° 18,5 wiih the horizontal., A% 50 £t. this angle is

39 3.8,

Michigan State Highway Devariment specifications for Type I beads (for

application on the paini) reguire that a maximum of 70 percent pass the No, 40

sieve., This means that at least 30 psrcent of the beads will be 0.Gl65 in, in

diameter, or larger, When illuminatsd from a distance of 500 fv,, itwo such beads
of the same size embedded one behind the other to half thelr depth in a traffic
stripe would have {0 be spaced a® least 1,55 in. apsri, ceniter to center, in
crder to prevent the near beé& from partially obscuring the far bead. Thisg spac-
-i ing is less for smaller beads and ior shorter distances, dropping to 0,06 in, for

2

a Type II vead (pre-mix type) oassing the No, 100 sieve and illuminated at 50 f%,

Analysis of Figure 11 discleoses that if two beads of the same diameter are

lined up at the critical sevaration distance (z + r)g the zone of the incident

bean wWhich can be compleitely reflex-reflected from The second bead will Just clear
! ¥ J

the first bead, When this distance is shortened by an amouni equal to the radius

of the sphere, only a few thousandths of an inch, reflex reflection from the med-
ian vertical apsriure of the second bead is entirely cut off. As the beads ars
placed nearer and nearer ‘together, the zone of possible reflex reflection in the

second bead is obscursd more and more, first at a rapid rate and then more slow-

1y, 80 that the eclipse of the effective zone is very nearly complete for all
practical purposes when the beads are at about half the original critical distance
from each other, Some critical separation distances under various conditions of
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illumination distance and bead size are given in Table 2, Prohably some laboratory
i research could orofitably be done in pursuing this subject a little faurther, to
determine actual rates of application for optimum reflection in the significant

range of viewing distances. It is quite possible that some bead economy could be

achieved as a result of such tests., long range visibility is probably the con-

) trolling factor, since the wider aperfture of reflex reflection and greater inten-

sity of illumination at the shorter distances compensate to some extent for sparser

distribution of the beads,

TABLE 2

CRITICAL SEPARATION DISTANCH BETWAILN BHALS
ARRAHGED IN LINE OF SIGHT

Diameter of Beads, Corresponding Critical Separation Distance, inches
inches Sieve No, AL 500 Foot LY, 50 Feel
0.0165 4o 1.55 0.16
0,0117 50 1,10 | ‘ 0.12
00,0059 100 0,55 0.06

Misecellaneous Practical Congiderations

It is generally conceded that the wss of glass beads for purvoses of re-

flectorization hag the further advantage of matdrially lengthening stiripe life.
A rational explanation of this would be to conslder the beads as bearing the
brunt of the traffic loads, thus proteciing the palint film which remains between

the beads from such abrasion, so long as the beads remain in place, Beads which

“break loose, nowever, would have exactly the reverse effect, contributing by
grinding or shearing action to the breakdown of fthe stripe, and the situation would

be worse than one in which no beads were present, It becomes a matter of concern,




therefore, to provide adequate cementing of beads in place, both from the reflec-
torization and abrasion standpoints, Cementing of beads in place is a function”
not only of degree of pensiration (anchorage, or ”footh“), but also of the wetting
vroperties of the paint for the glass surfaces ofltha beads., 4g mentioned earlier,
paintuh@adAngbinations exhibiting adverse welting of the beads by the paint can~
not be expected to-exhibit'satisfactory bead retvention,

It has been shown rather conclusively that beaded reflectorized pavement mark-
ing stripes give longer service life when applied on bituminous pavements than when
applied on concrete, due, probably, to the resilience of the former. The added
stripe life is not without its drawbacks, however, one of which is bleeding of the
bitumincus material through the paint film., Such bieeding aopears to be accen-
tuated by the presence of heads, 11 is as though the beads constitute individual
foci for the development of bleeding, for wnersver bleeding occurs, 1% appears
to occur first wnder the beads., In fact, ithe beads frequently become “discolored®,
turning quive dark - someiimes black - and detract appreciablyrfrom daytime apossr-
ance of the stripe, Buch beads, when pried loose from their scckets, are seen to
be stili clear, colorless and iransparent, yet the sockets in these instances are
coated with migrated bituminous substances which have collected under the beads,
Thig condition is illustrated in Figure 12, Perhaps glass beads act as miniature
burning glasses and concentrate sufficient heat underneath them to occasion this
accelersted bleeding.

In all cases, the vpresence of beads either in or on the pavement siripe acts
to decrease the drying time of the paint, and to dcecrsase the effect of relative
huamidity on drying time, These facts, of course, are of obvicus practical signifi-
cance, 1t is possible fo cubt the drying time of a pavemernt marking paint in half
by the use of beads alone, Somé data on this effect are chown in the graphs of
Fig&re 13,
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After a generation of experience with pavement maricing siripes, the critical
need still persists for an effective seal to provent bituminous wmaterials from
bleeding through superimposed paint films, The use of glass beads has made this
need more acute than ever,

The glasses of which wvariocus heads are composed may differ in hygroscoeplcity,
or the degree to which they pick up moisture from the air. A good deal of clump-
ing trouble (unequal distribution) has been blamed on poor bead dispensers, when
actually the difficulty might have been fraced to the fact that the beads were not
surface-dry, Adequate proviglon should always be made that beads intended for
applicatiocn be clean and dry when ussd,

Pavement marking paint, either wiith or withoul bveads, s heavily pigmenied

.
and is subject to the usual seititling vroubles of heavy-bodied susvensions. When
beads are premixed in such paints, the problem of adequate stirring is a real one
and can become & source of delaysg in the striping program, If {these paints are
allowed to sotitle undisturbed for weeks at a time, 1t may hecohe practically im-
pogsible to restore them to their original uniform consistency by conventional means,
If, however, drums are rolled or up-ended atv fregusnt intervals, such troubles have
a way of disappearing, and sitlrring uwsuwally proceeds withoul complication,
RECAPITULATION

In retrospect, the more significant facts and ideas of the foregoing dis-
cussion to he remembered in relation to the use and performance of glass beads
in traffic oaint are given below, Some of these are stated specifically for the
Tirst time in the summary but may be inferred direcily from previous sitatements
in the texi,

First, all of the properties of glass, which significantly affect bead re-
flectorigzation are directly related to composition. There 1s considerable lati-
tude In the selection of desired atliributes by propér compounding and processing,
The most important factor limiting the range of composition is devitrification, or
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crystallization, on cooling., The ﬁigh—silica glasses are, in general, stronger
and more durable than the others, bul do not have a sufficiently high refractive
index for maximum efficiency of reflectorization, I% should be possidle to pro~
duce commercially a glasgs of satisfactory durabllity and considerably higher in-
dex without undue increase in cost, As a matter of fact, several such products
nave already appearsd on the market,

Second, chemical durability and serviceabllity are noi synonymous terms in
defining the gualities of glags beads., Many glassses of relatively poor durabllity
give excellent service, Logs of weight by solution or dulling of surface luster
are not infallible eriteria of optical performance, Formation of films on some
glasses gives noticeable improvement in transmittance and reduction of external
reflection, a fact made use of in the present practice of lens coatlng, There-
fore, laboratory results based on logz of luster or weight in exitraction or weather-
ing teéts may wrongly condemn a perioetly satisfaclory glass, Moreover, bead dur-
ability should be tied in with the life expectancy of the binder or siripe as a
whole. At best, the life of a bead in a pavement stripe is relatively shorti,
Chemical durability, then, is not as-significant as sérviceability, and oplical
tests are the most reliable mathoélof evaluating serviceability,

Third, color of the beads is important mostly from the standpoint of DOBe
sible objectionable modification of the color of the painted siripe. However, a
noticeable color of the beads in tulk may be tgially imperceptitie when they are
applied to the paint, and a color specification which is unnecessarily restriciive
may hamper the éevelopﬁent of glasses superior in cther respecis,

Fourth, the amcunt and distribution of reflected light is largely deter—
mined by the refractive index of the glass composing the beads and i%s relaticn
to the index of vehicle and pigments in the paint, The ?attern of the retﬁrned
light (divergence angle characteristic) depends on the index of the glass,

Maximum efficiency in the conservation of reflected light is achieved when this
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index is aboub 1.90, which brings parallel rays to an &pprcximate“focus at the

rear surface of the bead, The amount of 1light specularly reflected from the
voundary between paint and bead is a functien of the difference in their refractive
indices, More varsicularly, it depends on the difference in index of head and
paint vebiele, since the wvohicle completely envolopes the plgment particles and
light reaching the laiter is diffusely reflected,

Fifth, the depth and firmness of embedment of beads in paint denends on their

Y 3 o~

compatihility with respect bo the a2bility of the paint to wet the bead surfaces,
Thus, paint and beads are intimately related in service perfigrmance, and the ré-

flectorized ciripe should be eveiuvated as an entivty rather than as a combination

of independeni materials,
Sixth, optimun gradations of beads for maximum usefulness have not been
completely determined exverimentally., However, sxperience and the geometry of

surface-pass ratios definitely indicate the desirability of wusing bheads of smaller
v g

maximun size, The principal advantages of using smaller beads are: 1) pound for
pound, they present more reflective surface and are retailned better; 2) they can

be premixed with the paint; 3) they reduce both drying time of the paint and the

effect of relative humidity on drying time; and &) they contain a smaller percentage

of imperfect particles,

Sevénth, the tWO‘kinds of imperfections receiving most attention at presant
are non-roundnesgs and gas inclusions, A large percentage of fragmenits ig detri-
mental, but it ls dowbitful whether other nen-rounds, such as spheroids, ellipsoids,
stc., significantly affect optical performance. Gasg inclusions are definitely

harmful because they interfere with reflex reflection and wealken the bead structurally,

Bighth, depth of embedment is an important faclior in reéflex reflection of pave-
ment marking beads because, at the very small angles of incldence involwved, the
effective reflex-reflecting zone of the bead is extremsly narrow, When the bead
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ig embedded to a depth of half its diameter the height of the vertical aperiure
through which light may be received for reflex reflection is approximately the
ﬁroduct of the diamefer and the sine of the incidence angle, or only a few thousandths
of the bead vradius. With only a slight increase in depth of embedment (half of
the above vertical aperture), reflex rerflectiion is lost altogethef, Decreasing the
depth of embedment sextends the effeciive zoune veritically but this advantage is off~
set to scomé extent hy the likelihood of poor bead retvention,

Ninth, from an analysig of bead interference in relation to critical separa-
tion distances, it apopears thalt some tead économy may possibly be achieved by fur—

ther experimental study of the provicen of application rates,

Finally, experiencs so cates that the use of
life of the painted siripse, and that beaded stripes last longer on biituminous
vavements than on concrete,
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