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1. Modeling and Simulation

The work reported here was done jointly with Jonathan Martin and
Michael Galler of the Building and Fire Research Laboratory at NIST [4].
It is probably useful to first define what we mean by paint. We will take it
to be a composite material consisting of a polymeric matrix (not the
mathematical kind) called a binder and spherical pigment particles. In the
gloss loss study, the spherically shaped pigments were assumed to be tita-
nium dioxide with diameters ranging from 0.1 to 0.3 microns. We assumed
that gloss loss was caused by surface roughening due to the fact that paint
binder etodes under exposure to ultraviolet light. An experimental
approach to this problem would involve determining the surface struc-
ture of the paint film, measuring the degree of gloss, and then systemati-
cally varying the surface structure by changing the paint composition in
order to identify the relationship between surface structure, paint compo-
sition, and gloss loss over time, This would be an expensive and time-
consuming process that could be facillitated by modeling. By examining a
simplified caricature of the weathering process, we hoped to identify rela-
tionships between a limited number of coating characteristics and gloss
(as measured by surface roughness). By quantifying these relationships,
we hoped to organize some of the relevant coating variables that would
need to be a part of any experimental effort. This would aid, and possi-
bly shorten, the experimental design process and help to distinguish the
important variables from the less important. It’s important to note that
we simulated changes in sutface morphology and the layers of coating
that are exposed during weathering, not the chemistry of the weathering
process. We followed the changes in a two-dimensional 900 x 400 array
of pixels representing a two-dimensional cross section of a paint film. For
our purposes, the important parameters of this coating were:

« PVC = pigment volume concentration
= volume of pigment particles / total volume
« size distribution of pigment particles
» clustering of pigment particles {degree of flocculation)

What Is Gloss? The mirrorlike appearance of a new car that is popula
known as gloss is called “distinctness of image” (DOI) by paint techno
gists. Human beings are good at detecting this attribute (until recently, £
were better than the best glossometers), and gloss plays a strong (sa
times determining) role in the decision to purchase an automobile. S.
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where z(x, y, @, T} = {x, @, T) is now the height. The variance of the
height is then

L
ot = lim o= [ (Glw o, T ds - * @)
The parameters 1 and ¢ ate limiting valves that are independent of x and
@. The existence of these limits is a consequence of the fact that the ran-
dom process {£{%, @ T)lic(enw i ergodic and has first and second
moments [3].

Figures S and 6 show a numerical test of the Gaussian hypothesis
(i.e., normally distributed in a single dimension x). For a fixed value of x,
a normal probability plot was created by plotting values whose first co-
ordinates were 100 heights at position x created from 100 different runs
of the simulation. The second coordinate of these points came from a

hundred normally distributed values with mean fi = <2f\__rl zJN) and

«— N
variance 6% = <2;‘:1{z=' - ,LL)ZIN> where {(2;)1 are heights z; = {(x;, @, T),
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- Normal Probability Plot
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when 0= 8,,,, the incident angle. {R(8)) is the expected value or average == PVC35DF4
over all sample paths of the process. Note that the reflectance of a ray of — PVC25DF4
light scattered off a randomly rough surface is random, thus we focus on 25 PVC15DF4
the mean reflectance., .

From equation 3 we can see that small roughness is associated with
high gloss and vice versa. The derivation uses the assumptions about sur-

n
o

c
face statistics just discussed {1]. =1
=
Q
Description of Simulation. To simulate photolytic degradation, a colli- 2 15
mated uniform “beam” of UV light is projected onto the surface of the 3
paint film, penetrating the binder matrx with a strength that decreases g 10

exponentially with depth. As the beam proceeds downward, it damages
the binder directly by absorption by binder or indirectly as light is reflected
off pigment particles and goes to the binder, where it is absorbed. It is
assumed that the damage from the reflected light is uniform over the
entire surface and includes binder located in areas that are shielded from
direct radiation. Initially, pigment particles shield the binder below them,
This eventually leads to the formation of “pedestals™ that support single
pigment particles as seen in the micrographs of Kampf et al. [5]. Eventually
indirect and reflected radiation erodes the pedestals and the now loosened
pigment particles are removed from the simulation. More details concern-
ing the simulation can be found in [4].

500

Cycle Number

Figure 7. Roughness versus time for DF 4, PVC 15, 25. 35
b E

== PVYC35DF4
—— PVC25DF4
= ~ PVC15DF4

2, Results of Simulation

The results of the simulations support the contention that paint films, com-
posed of large numbers of small, well-dispersed pigment particles, retain
gloss over the long term of the weathering cycle. During the early part of

_—

the weathering cycle, however, the opposite conclusions can be drawn. 5
: g
Effect of PVC on Gloss. Several simulations with PVC values of 15%,- § --------
25%, and 35% were performed, each lasting 1500 time steps. Figure Y (et T
shows that after an initial transient, the coatings with the largest PVC had g
o
o

the smallest o (highest gloss) over the entire course of simulation: Thus
highet PVC leads to higher gloss, Tt is interesting to note that at the be‘g‘l

ning of the simulation, coatings with the lowest PVC have the hights
gloss (see figure 8). ‘

Effect of Pigment Size Distribution on Gloss, The simulation used:
ment particle of two sizes representing small and large particles, res
tively, with the diareter of the large particle (43 pixels) being about i
times that of the smaller (15 pixels). With § denoting the percent
coating of small pigment particles, figure 9 shows the ¢ values of 2
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the simulation cycle)

Q,
simulations with varying initial values‘ of § = 1, 20, 40, 60, 80,n tla()(z: {:f
Except for an initial transient, the coatings with tl?e lallflger %;r:ew ea%her_
small pigment particles retaltine}:i a h1ghe(r glofsi; L‘i?;.oluog) 0;2 he weather
i cle. Early in the cycle, however (see : : \ :
?\%Cciya reversa}rwhere, fora Pel{ioi of tirlr:e,lcg;t;rigzsw%tﬁetierill‘;g[z 55;

mall pigment particles have the le . . :
;‘:!?tt iEZtoiffz rnanpufgau::l:urelr3 is interested in coatings that. ritaln t?;iz gioz;
over the long run, then the coatings must contain a h}llg f;tzcrests e o
small pigment particles. However, lthe kind of gloss 1: at nterests o
sumers is lost well into a weathering cycle [2], so there rti}z:les o
advantage to using a coating with fewc‘:r small p}grpznt piticles),'mu'ch
such a coating is (e.g., in the case of titanium dioxide pa

cheaper.

is larger. In simulations using a number of coatings with several dF values,
we found that gloss increases with increase in dF (ie., better dispersion).
This is visually illustrated in figures 11 and 12 showing the cross sections
of two simulations at 1200 time steps.

Neyman-Scott point process. To model clustering or floceulation, N uni-
formly distributed points, (x;, y,), 1=1... N, are selected to be the centers
of N flocculates or clusters of pigment particles. “Uniform” here means
uniformiy distributed in the rectangular crosg section. However, all these
teps can be easily carried out in 4 three-dimensional setting. Within the
th cluster, we setect M,; points uniformly distributed in 4 circle with center

igme CAY i i i
Effect of Pigment Dispersion on Gloss. At first, we mloﬁiled gift : o ija)illand Faﬁhus (R). The numbers Nand M are discrete Poisson rapdqm
icle di ion by varying the minimum nearest neighbor dist & with mean p and v, respectively. Thus the parameters of this pig-
P;f?cée 1SP ersmd }{Y placed pigment particles in a manner consis 10t placement scheme are K, vy and R. 1t is convenient to introduce the
(dF} beween random

imation of
with the PVC. By randomly placed, we mean an appr.olmrn;rt;oilow
dom close packing. When dF =0, the pigment partic esmde dis;'a__:
touch each other. If dF is larger, the degree of pigment pa

=& » the number of clusters per unit area, where A is the areg

the cross ‘section, A rough approximation of the piecment valimea
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Figure 11. PVC =35%; dF =0 Figure 13

Figure 12, PYC=35%;dF =4

Figure 14.

concentration, the theoretical PVC or TPVC, can be expressed in terms_,«:n‘E

the model parameters. In the two dimensional setting this is where p = Av, G, is a geometric constant depending on the area and sh
shape

of Q and G, is another geometric constant that depends only on R which
.1§ fixed. The constant G is known for simple geometric shapes Q. Equa-
. tl;n 5 shows th?.t the variability of #(Q) can be increased keeping the
ndvcc]i fixed by increasing the mean cluster size v but keeping p fixed.
. eed, by equation 4, TPVC = pS. We therefore have a way of describin
the number of pigment paricles in &, then we define the degree of log arous degrees of dispersion. We illustrate this with figures 13 and lg
lation to be the amount of fluctuation in the number of pigment part t show two realizations of the Neyman-Scott process. The ﬁrs? figure

as one samples different regions Q. We express this in terms of th : ;S #=10, v=30, and the second has 1=30, v=10, The TPVC is the
ance of #(Q) [6] (in planar terms)

TPVC = %—S = VS

where § is the area of a single pigment particle. In three dimensions,
are replaced by volumes. Suppose € is a region of area, A(Q). If n

i;?ee; I}Oth figures were chosen so that the actual PVC
IS trom the TPVC by no more than 0.1%. However, the pigments in

var[n(Q)] = 2n p2G, + pvG, + pA(Q) — (pAQ) Sure 14 appear to be better dispersed than those in figure 13. The figures
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illustrate a situation that might arise when a surfactant is added to a floc-
culated paint, because that addition changes the paint dispersion without
changing the PVC,

3. Computer Graphic Rendering of Surface Appearance

Members of the more mathematically oriented divisions at NIST often get
together for lunch. One day, a vear or so before 1 began to work on the
paint project, Holly Rushmeier, a computer scientist in a neighboting
division, joined our table. Talk turned to her work. Holly had made fun-
damental contributions to computer rendering: a new, but very rapidly
developing area of computer graphics that used models of light scattering
and light source characteristics to develop photorealistic images. This
technology had the potential to enable product designers to visualize the
appearance of a surface based on information about its light-scattering
properties even if the surface didn’t exist, Realizing this potential depended
first of all on being able to get this information. Optical properties of
a surface composed of a given material are summarized in a function
known as the BRDF—short for the bidirectional distribution function.
Although there is some discussion as to how much, it is clear that the
accuracy of a rendered image depends a great deal on how well the BRDF
is represented either by data from direct optical measurements, or by
mathematical models, or by a combination of the two. Unfortunately,
the BRDF is a complicated function, so trade-offs between accuracy and
computational efficiency must be made. As Holly, Jon, and T worked to
develop ideas for a follow-on project, one of its goals became clear.
Since BRDF approximations for rendering progtamsé for computer
graphics applications were developed in isolation from the BRDF mea-
surement and modeling community, we would have to build a software
interface using the high-precision measurements and modeling done at
NIST into formats suitable for input into a rendering program, Just as
this new project began, Holly left NIST to take a position at IBM Wat-
son Laboratory. I took over management of this part of the project.
Much of what I do involves coordinating the work of optical physicis_ts
material scientists, and computer scientists. The interface work is now,
completed, and work is proceeding on creating and evaluating images

selected materials. The final figure (figure 15) shows two coated l?lac
glass samples with surface roughnesses, 201nm and 805nm, respective
as measured by the standard deviation we previously discussed. The f
ures illustrate the decrease in gloss associated with the increased ro
ness. These images werc created by Gary Meyer and Harold West
of the University of Oregon from NIST measurements of two

black glass samples. The samples were 2000 miles away fro

Figure 15. Decrease in gloss associated with increased surface roughness
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