Double-layer Color Effects in Porcelain Systems
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The color of an unshaded body porcelain was determined at three
thicknesses on white, gray, and three chromatic backings. Spectral
absorption and scattering coefficients of the porcelain were deter-
mined from the diffuse reflectance at one thickness on the white
and gray backings. These optical coefficients, when utilized with the
Kubelka-Munk reflectance theory, accurately predicted the color of
the other sample configurations studied, The scattering of the body
porcelain was found to decrease with increasing wavelength within
the visible spectrum, in accordance with scattering theory for
particles not substantially less than the wavelength of the scattered
light, For the filtering effects of a translucent material in optical
contact with a backing, the Kubelka-Munk reflectance theory
described the interaction between the optical absorption and scal-
tering within the translucent material and the reflectance of the
backing.
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Introduction.

The color of an opaque material is determined by the
amount of visible light reflected to the observer from the
illuminant (Hunter, 1975). The appearance of a porcelain
restoration is mainly the result of the diffuse reflectance
from a translucent layer covering an underlying opaque
layer, as given in Fig. 1. A model for the diffuse reflectance
of a translucent layer in optical contact with a backing is
given by the Kubelka-Munk equation (Kubelka, 1948), as
diagrammed in Fig. 2. The diffuse reflectance at a given
wavelength, R, is given in terms of the reflectance of the
opaque backing, Rg, the absorption coefficient, K, the
scattering coefficient, S, and the thickness of the body
porcelain, X, This form of the equation uses the hyperbolic
cotangent function, ctgh, of the product of S, X, and a
constant, b, This equation has been widely used to quantify
the opacity of scattering materials (Judd and Wyszecki,
1975; Woolsey et al, 1984). The general theory of scatter-
ing of light by spherical particles of any size has been
developed by Mie (1908).

In this study, the colors of layers of unshaded body
porcelain on achromatic and chromatic backings were di-
rectly measured and then explained on the basis of the
Kubelka-Munk theory and the applicable theory of the
scattering of light in sintered materials.

Materials and methods.

Wet unshaded body porcelain! was formed in a mold to
a nearly oval shape, dried, and fired according to the manu-
facturer’s directions. Using a slow-speed diamond blade
saw, we made three slabs approximately 1, 1.5, and 2.5 mm
thick. The faces of the samples were polished according to
conventional metallographic polishing techniques. Reflec-
tance samples were formed by joining each body porcelain

Received for publication September 17, 1984
Accepted for publication March 12, 1985
This research was supported by Grant DE-05423 from the
National Institutes of Health, National Institute of Dental Research,
Bethesda, Maryland.
Ceramco, Inc., East Windsor, NJ 08520

940

slab to each of five opaque modifier porcelain backings?
using a refractive index fluid (n = 1.5). The reflectance of
each backing was determined by joining a clear microscope
cover glass (n = 1.5) to each backing. The measured colors
of the backings were white, yellow, pink, gray, and blue.
The chromatic backings were made of dental modifier
porcelains. The reflectance spectrum of each sample was
determined twice in the visible range. The color of each
reflectance sample and of each backing was determined
using three color notations: (1) Commission Internationale

2Micro-Bond Natural Ceramic System, Austenal Dental, Inc.,
Chicago, IL 60632
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Fig. 1 — Reflection and transmission of light within a porcelain-
metal restoration.
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Fig. 2 — The Kubelka-Munk theory applied to translucent body
porcelain on an opaque backing.
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TABLE 1 TABLE 2
CIE COLOR PARAMETERS FOR BODY PORCELAIN MUNSELL COLOR NOTATION* AND ISCC-NBS COLOR NAME
ON FIVE BACKINGS FOR BODY PORCELAIN ON FIVE BACKINGS
Luminous Reflectance (%) Clear Thickness of Body Porcelain {(mm)
Clear Thickness of Body Porcelain (mm) Backing Glass 0.84 1.44 2.44
Backing Glass 0-84 144 244 White 8.5GY 1.5G 2.5G 2.5BG
White 81.1 64.7 53.6 42.5 9.1/0.3 8.3/0.3 7.7/0.3 7.0/0.3
Gray 24.1 30.8 33.0 333#% White Light Gray Light Gray Light Gray
Blue 19.5 29.0 318 331 Gray 10.0Y 8.5B 1.0PB 8.8B
Pink 403 41.0 39.0 36.1 5.5/0.2 6.1/0.3 6.2/0.6 6.3/0.5
Yellow 55.3 49.0 44.0 38.3 Medium Medium Bluish Bluish
Gray Gray Gray Gray
Dominant Wavelength (nm)

. Blue 7.0PB 6.2PB 6.0PB 4.0PB
White 559 553 543 501 5.0/6.4 5.9/4.0 6.2/2.5 6.3/1.4
Gray 570 485 485 485 Light Pale Pale Blue Bluish
Blue 472 475 476 480 Purplish Ptlxrplish Gray
Pink 588 588 589 592 Blue Blue
Yellow 571 571 570 567 Pink 3.5YR 2.0YR 1.9YR 9.3R

6.8/3.5 6.9/1.8 6.7/0.9 6.5/0.3
Excitation Purity (%) Moderate  Grayish Pinkish Medium
White 1.6 1.3 0.9 0.7 Yellowish Yellowish Gray Gray
Gray 1.3 1.7 23 23 Pink Pink
Blue 31.7 15.7 10.1 5.6 Yellow 0.6GY 1.0GY 1.8GY 4.8GY
Pink 22.6 10.5 56 » 1.2 7.8/6.0 7.4/3.0 7.1/1.7 6.7/0.7
Moderate Grayish Grayish Light
Yellow 474 246 14.9 5.4 Greenish Yellow Yellow Greenish
Yellow Green Green Gray

#The underlines connect values which are not statistically differ-
ent. All other values for the same backing are significantly different.

de I’Eclairage (CIE), (1971); (2) Munsell (Newhall et al,,
1943); and (3) Inter-Society Color Council — National
Bureau of Standards {ISCC-NBS) (Kelley and Judd, 1976).
Statistical differences between the CIE parameters were
determined using Student-Newman-Keuls multiple compari-
son tests at a 95% level of confidence (Sokal and Rohlf,
1969).

At each measured wavelength, the average of the two
measured reflectance values of the thinnest slab of the body
porcelain on the white and gray backings was determined
with a spectrophotometer3. The spectral optical absorption
and scattering coefficients were determined, and surface
reflection corrections were employed as previously de-
scribed (Woolsey et ¢, 1984). The CIE color parameters of
the other 13 observed conditions were predicted using the
Kubelka-Munk theory. The Kubelka-Munk theory was then
used to calculate the color of an infinitely thick layer of the
body porcelain.

Results.

The average CIE color parameters are given in Table 1
for the measured samples. The two reflectance spectra
measured at each condition were averaged, and the resul-
tant Munsell color notations and ISCC-NBS color names are
given in Table 2.

The resultant optical scattering and absorption coeffi-
cients of the body porcelain are given in Fig. 3. The agree-

3ACTA C-3 UV-visible Spectrophotometer, Beckman Instru-
ments, Inc,, Irvine, CA 92664

*GY is green-yellow, G is green, BG is blue-green, PB is purple-
blue, R is red, and YR is yellow-red.
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Fig. 3 — Spectral absorption and scattering coefficients of the
body porcelain.

ment between the observed CIE color parameters and those
predicted by the optical coefficients and Kubelka-Munk
theory are given in Figs. 4-6.

Fig. 7 diagrams the change in reflectance predicted by
the Kubelka-Munk theory for each of the five backings
studied at the wavelength of 550 nm. An infinitely thick
layer of the body porcelain was calculated to have a lumi-
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Fig. 4 — Agreement between the observed luminous reflectance
and that predicted by the Kubelka-Munk theory.
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Fig. § — Agreement between the observed excitation purity and
that predicted by the Kubelka-Munk theory.

nous reflectance of 39.7%, a dominant wavelength of 486
nm, and an excitation purity of 2.6%.

Discussion.

Measurements of diffuse reflectance of a slab of translu-
cent material on bright and dark backings may be used to
calculate the optical scattering and absorption coefficients
of the translucent material, These coefficients may then be
used to calculate accurately the color of any thickness of
that material on any backing. Good agreement was found
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Fig. 6 — Agreement between the observed dominant wavelength
and that predicted by the Kubelka-Munk theory.
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Fig. 7 — The reflectance of the body porcelain as a function of
thickness at the wavelength of 550 nm for five backings. Each color
name describes the backing for the respective curve.

between the experimental values and values calculated with
the Kubelka-Munk equation as shown in Figs. 4-6, There-
fore, once the values of S and K are obtained by reflectance
measurements with the translucent porcelain on white and
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gray standards, the combined color of this porcelain on
other colored substrates may be calculated.

The body porcelain studied has a scattering coefficient
which is higher in the lower visible wavelengths. Increased
scattering at lower wavelengths is described by Mie scatter-
ing theory for materials in which the scattering particles are
not substantially smaller than the wavelength of the scat-
tered light.

Although the color of an infinitely thick layer of the
body porcelain is independent of any backing, the effects
on color of increasing thickness of the body porcelain vary
with the color of the backing. The changes in color parame-
ters caused by the filtering effects of a translucent material
over a backing result from the interaction, at every wave-
length, of the optical scattering and absorption coefficients,
the thickness of the translucent material, and the reflec-
tance of the backing.

The practical application of the double-layer effect
described by the Kubelka-Munk equation can be seen from
examining Fig, 7. The diffuse reflectance of the white
translucent layer over several colored opaque backings
is shown as a function of porcelain thickness. As the thick-
ness of the translucent porcelain over the light-colored
backings (i.e., white, yellow) increases, the total reflectance
decreases. These changes in total reflectance values are due
to additive color mixing of the backing colors and that of
the translucent porcelain. The total reflectance values
increase as the thickness of the white porcelain increases to
modify the color of the darker backings (ie., pink, gray,
and blue), since lighter combined colors are obtained. The
thickness of the white porcelain necessary to screen out the
color of the backing is seen to be around 6 mm, which is
called the infinite optical thickness. Since the average thick-
ness of the translucent body porcelain layer of a crown is
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around 1 mm, the total color is strongly influenced by the
color of the opaque porcelain and highly sensitive to varia-
tions in body porcelain thickness. This effect is proposed as
a major source of the poor color control of porcelain-fused-
to-metal crowns in clinical practice. This double-layer effect
is especially perplexing since the combined color formedis a
complex function of the thickness of the body porcelain
and not linear, as expected by many technicians and den-
tists.
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