CORRELATION OF ACCELERATED LIGHTFASTNESS TESTING OF PAPER
PRODUCTS WITH ACTUAL STOREROOM EXPOSURE

Karl Guyler* and Toni Sayers*

Abstract: The lightfastness of printed and dyed paper
products in a simulated storeroom was correlated to the
results found in four accelerated fade instruments. The
best correlation based on Spearman rank correlation
coefficients using color difference measurements was with
the HPUV Indoor Actinic Exposure System., However overall
instrument-storeroom correlations were only fair to poor.
Correlations between instruments with different sources were
generally good and were much better than the instrument-
storeroom correlations. This suggests that a good spectral
match of irradiating sources, although necessary, is not
sufficient to insure good accelerating aging correlations.
Secondary factors in the instruments' testing significantly
changed the rank orders found in the storeroom. BAnalysis of
sample fade paths in CIELAB color space showed several
examples where the instruments' paths diverged from the
storeroom path.

Introduction

Much of the equipment available for lightfastness testing
is designed to simulate accelerated weathering of paints and
coatings exposed to exterior sunlight or sunlight filtered
through a windowpane, The printing industry has often
adopted the same equipment and testing procedures in
evaluating the durability of pigments formulated into inks.
The standard testing devices used to determine color
permanency data in the NPIRI Raw Materials Data Handbook
(Fetsko, 1983) are the carbon and xenon arcs. The Atlas
Carbon Arc Fade-Ometer, first marketed in 1918, has a source
unlike either daylight or any common indoor illumination
source. The filtered Xenon Weather-Ometer was designed to
simulate sunlight reaching the indoors. Currently the ASTM
is revising its test method D3424, Standard Method of
Evaluating the Lightfastness of Printed Matter. 1In that
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study the predominant sources remain the carbon arc and
xenon arc testers., Some testing was done for the first time
with the Atlas HPUV Indoor Actinic Exposure System which
simulates cool white fluorescent light exposure.

In the social expression industry we want to ensure that
our careful attention to accurate color reproduction of
original artwork is not lost due to inappropriate choice of
colorants which deteriorate on the shelf. The in-service
environment for our products is the card shop lighted with
cool white fluorescent bulbs. Therefore, we needed to
determine which accelerated 1lightfastness tester best
correlated with our retail store. In this study we compared
color changes produced by four instruments to those changes
found in a simulated retail store. We performed a detailed
color analysis to determine if the different sources
produced the same color changes seen in the storeroom., Our
color comparisons went beyond computing the total color
differences, AE*, We also compared the fade loci in three
dimensional CIELAB color space for the samples irradiated by
the different sources. Finally, we attempted to extract
calibration factors relating the exposure in the instruments
with real life exposure in our simulated card shop.

Experimental

Twelve samples, as shown in Table I, were chosen for this
study. Three different media were represented: printing
by gravure, by lithography and dyed paper stock (referred to
as deco vellum). The colors printed by gravure were ivory,
raspberry, scarlet and terra cotta. The samples printed by
lithography were process colors of light cyan, magenta, pink
and yellow. The deco vellum samples were in colors of denim
blue, gypsy rose, raspberry and terra cotta. In each
medium, representatives of both a lightfast and a fugitive
nature were included.

Real Time Storeroom Fade Test

The storeroom where the real time test was conducted was
windowless., Lighting in the room was provided with cool
white deluxe fluorescent lamps. The level of lighting was
adjusted to be approximately 80 footcandles in the center of
the room at 44 inches above the floor. This measurement was
representative of an average card shop. Using a timer, the
lights were turned on at 9:00 am and off at 10:00 pm six
days a week. Lights were turned off for the seventh day.

No provisions were made for temperature or humidity
control in the storeroom. While the room was heated in the
winter and air conditioned in the summer, it was subject to



the same seasonal fluctuations in temperature and relative
humidity found in most commercial buildings.

The storeroom was furnished with fixtures commonly found
in card shops: three variations of self-illuminated wall
units; and a gondola and a card rack which were both
illuminated by fluorescent ceiling 1lights. Specimens of
each of the twelve colored samples were oriented vertically
in the fixtures at the top, middle and bottom levels, just
as displayed in a retail store. The one exception was the
gondola which had a vertical display position at the bottom
only. Four specimens of color were placed at the thirteen
unique fixture positions. Samples were retrieved from the
room every three months wuntil the last sample set was
exposed for one year,

Accelerated Fade Testing

Four accelerated fade instruments with different radiant
sources were used for this part of the study. The sources
included an enclosed carbon arc, a mercury vapor sunlamp,
high output cool white fluorescent lamps and a xenon arc.
Duplicate specimens were tested in each of the accelerated
fade instruments for eight levels of continuous exposure.

Carbon arc exposure was tested in an Atlas FDAR
Fade-Ometer. The globe was c¢leaned and the rods were
changed every 24 hours. Though the black panel temperature
was not recorded, the thermostatic temperature control was
set at 90° F. Specimens were tested in this instrument from
5 to 40 machine hours in five hour increments. The
irradiance of the instrument was not controlled and was
assumed to be constant.

Specimens exposed to the mercury vapor sunlamp were
tested in a Hallmark Fade Tester D-0008 (similar to a Test
Lab Apparatus Sunlighter II). This instrument consists of a
mercury vapor sunlamp suspended above a rotating table to
which specimens are attached. The specimens were tested
from 5 to 40 machine hours in five hour increments. There
was no temperature or humidity control, nor any control of
the source irradiance, which was assumed to be constant,

Exposure to fluorescent lamps was accomplished in an
Atlas HPUV Actinic Indoor Exposure System. The instrument
exposed specimens to eleven super high output cool white
bulbs for 2 to 16 Hewlett-Packard months, in intervals of
two months. A Hewlett-Packard year is equivalent to the
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irradiation of 20,000 W—h/m2 which was measured in a
business office environment. The irradiance measurements
from the HPUV radiometer were used to calculate the
exposure times to give Hewlett-Packard months. Although the
temperature of the test chamber was not controlled,
provisions were made to automaticall% shut off the
instrument at temperatures in excess of 42  C,

Specimens exposed to the xenon arc source were tested in
an Atlas Ci65 Xenon Arc Weather-Ometer. The irraé}ance of
the 6500 watt xenon lamp was controlled at 1.00 W/m~, at 420
nm. The inner filter used on the lamp was of borosilicate
and the outer filter was of soda lime. The black panel
temperature was 63 +/- 3° ¢ and the relative humidity was 30
+/- 5%, Specimens gere tested from 25 to 200 kJ/m in
increments of 25 kJ/m".

Color Measurements

This yearlong storeroom experiment produced 648 samples
for color measurement, while the instruments produced 768
samples. Color measurements were made with a Macbeth 1500+
Color-Eye which was interfaced to a Hewlett-Packard 86
computer. The instrument uses a pulsed Xxenon source with
d/0 illumination. We used the small area view port with
both specular light and ultraviolet irradiation included in
the measurement. We wrote our own software to capture the
reflectance values and to store them on disk with the sample
identification and the computed CIELAB color values,
Computations of L*, a* and b* were performed for a D6500
source and the 10 degree standard observer per ASTM D-2244,
Our own software reduced measurement cycles to only nine
seconds per sample.

Rank Correlation from AE* Data

The extent of fade, AE*, was measured as the total color
difference as computed in the following equation:

* * * *
AE = (AL 2 +Aa 2 + Ab 2)1/2

(1)
The deltas preceding the CIELAB coordinates in (1) indicate
differences between the unfaded and faded color values. The
initial unfaded color coordinates were determined from an
average of 64 samples. Table II shows the AE* results for
all sample colors exposed to the five irradiance sources at
four equally spaced exposure levels for each source. As
noted in the experimental section, eight exposure levels
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were measured, but only half are reported here for the sake
of brevity. The results from the storeroom are an average
of 10 of the 13 possible fixture positions. The top
positions of the self-illuminated fixtures are not in the
calculations because they grossly exaggerated the average
fade in the storeroom.

Figure 1 shows an example of the change of AE* as a
function of exposure in the Xenon Weather-Ometer.
Surprisingly, most of the curves are linear with respect to
exposure., Examination of similar curves for the other three
instruments showed many nonlinear curves with both positive
and negative concavity. AE*, the traditional measure of
color change, is not proportional to pigment concentration
as is the Kubelka-Munk K/S, the ratio of light absorbance to
scattering (Grum and Bartleson, 1980). Even if AE* were
proportional to concentration, one would only expect linear
curves for zero order reaction kinetics. In a fade study of
alizarin lake (Johnston-Feller, 1986) the classical kinetic
rate law was first order and concentration was nonlinear
with respect to exposure. The fact that we see linearity in
AE* is remarkable in light of these considerations. It
should be noted that there were very few crossovers of
curves in the AE* diagrams. With the exposure levels chosen
for each of the instruments we did not "burn out" all the
color from any sample. Moreover, none of the colors quickly
faded to an asymptotic plateau. Such cases would have
caused problems in the rank order analysis because of many
rank order crossovers at high irradiation levels.

Fiqures 2 and 3 show the relative responses of litho pink
and gravure terra cotta to the five different types of
illuminantse. Each of the bars in the clustered group
represents the AE* for one of the four exposure levels found
in Table 1II. In comparing the two figures the response
patterns are dquite different, owing to the different
wavelength sensitivities of the colorants. Examination of
similar charts for the other ten color samples shows no two
wavelength sensitivities alike. This phenomenon is well
documented (Searle, 1984, 1987) for polymeric materials and
printing inks. The different activation spectra of colorants
caused different responses to the sources.

The data in Table II were then analyzed using the
non-parametric statistic known as the Spearman rank
correlation coefficient:



r. = 5 ; (R;~R) (5, ~5)

(2)
2.1/2 2.1/2
(Zi(Ri—R) ) (Zi(si-s) )

where R, is the ranking of a sample according to the AE*
under one irradiation source and S, is the same color's
ranking under a second irradiation sdhrce. The bar over the
variable indicates the mean rank for the source. Since we
had five irradiation sources, a total of ten possible
correlation coefficients can be computed for our data set.
These were computed as seen in Table III for each of the
four exposure levels of the irradiator. The rank
correlation pairs were then averaged across the four
exposure levels. Entries in the table were then ranked by
this average, With few exceptions the overall average gave
the same ranking found in the individual exposure levels.

The instrument which best correlated with our simulated
storeroom was the HPUV, This would be expected since both
were illuminated by cool white fluorescent sources. Next in
decreasing rank correlation came the Xenon Weather-Ometer,
the Carbon Arc and finally the Sunlighter. Most surprising
however is the poor correlation values found between the
instruments and the storeroom. These could be judged fair
at best. However, we found the Xenon and HPUV had the best
interinstrument correlation. A .94 average coefficient
between these instruments shows a very good agreement in the
ranking of our twelve colored samples under accelerated
testing. Yet the radiant energy distributions of the
instruments' sources are quite different. 1In general, the
instruments were better correlated with themselves than they
were with the storeroom. The rankings appear to be more a
function of irradiance, power per unit area, than of source

spectral energy distribution, Other wvariables in the
accelerated testing may control the rate and course of the
degradation. (Temperature and humidity are the first

variables which come to mind.) Besides this, storeroom
exposure was intermittent, whereas instrumental exposure was
continuous.

Ideally accelerated testing affords an environment which
maintains the same quantum yield for the photochemical
degradation as in the service environment. It may be
difficult to maintain the same chemical environment for the
reactions due to diffusion limitations for reactants and
products. Reactions could be slower in accelerated testing
when insufficient oxygen can diffuse to the photoactivated



molecules. Slow diffusion could concentrate acidic products
causing a catlytic increase in reaction rates with
accelerated testing, With high intensity irradiation
free-radical concentrations could reach such high 1levels
that recombination to reactants might become a significant
reaction pathway and quantum yield could be reduced. Any of
these factors could have caused our samples to produce
different rank orders under accelerated testing.

Fade Path Analysis

Thus far we have treated data only in terms of aE*, A
basic assumption in this treatment is that the aE* found
from irradiation by one source is equal to the same AE* for
another source. Simply stated, it is assumed that they move
along the same locus in three dimensional color space, We
wanted to test this assumption by plotting the coordinates
of each colored sample under different irradiants in CIELAB
color space. Rather than just viewing scatterplots, we
developed equations which modeled the color path of the
fading samples in CIELAB color space as a function of
instrumental exposure. We found that the data could be
adequately modeled by a simple polynomial of the third
order.

Y=a+ bX + cX2 + dX3 (3)

In equation (3) the Y represents one of the color
coordinates, L*, a* or b*, and X represents exposure in the
units of the storeroom or the accelerated testing
instrument. The terms a through 4 are model coefficients
determined by least squares. This was done for each color
in each of the five sources. Nine points were available for
each of the instrument-color combinations, eight exposure
levels plus the starting point, but only five points were
available for the samples from the storeroom. Color
coordinates were averaged over all fixture positions to get
the storeroom points for input into our program. The three
equations needed to trace the fade path were later used to
obtain the correlated exposure times of the storeroom
samples in the lightfastness instruments.

Figures 4 and 5 show three dimensional plots of Gypsy
Rose Deco Vellum, Figure 4 shows the storeroom path, Xenon
and HPUV paths to be coincident within experimental error.
However, in Figure 5 the fade loci for the Sunlighter and
Carbon Arc diverge significantly from the storeroom. In
viewing the paths of the entire set of colors we sometimes
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found it difficult to decide whether the paths were the same
or not. To be perceptibly different to the human eye AE*
values normally must be greater than 2. When the
uncertainty in the model path is also factored in, divergent
paths are not always significant in terms of human
perception. Charts were made of the actual faded samples.
Three quarter inch discs were cut and placed on the vertical
axis according to their computed AE*, The results from each
source were plotted side by side in this manner. Samples of
similar heights with different hues, confirmed a divergence
in fade path. Several apparently divergent paths could not
be corroborated visually. However divergent paths for the
Sunlighter and/or Carbon Arc were verified for the colors
litho pink, deco vellum gypsy rose, and gravure ivory.
Overall we would have to say that the colors mostly followed
the same paths as they did in the storeroom exposure.

Correlated Exposure Times

We next calculated the exposure time in each of the
instruments which would best match the sample color from our
storeroom. To do this we used the model equations described
above, Given any exposure level we could calculate the
three color coordinates for a sample fading in any
lightfastness tester. Having the color coordinates of the
storeroom sample and the coordinates of a point along the
curve, we could calculate the distance, D, to the storeroom
sample. As we mathematically moved along the curve we
generated D as a function of instrument exposure. Thus we
programmed a algorithm to find the instrument exposure which
minimizes D for the sample point. All the samples were
analyzed in this way and a file was built containing the
exposure on each instrument and the distance of closest
approach, D . Since some curves were definitely divergent,
we rejected data where the D was greater than 2.0, We
allowed some extrapolation, +15.5% of the exposure maximum,
for storeroom samples that faded more than that found from
the instruments. Table IV shows the correlated results.
Each entry is an average over all fixture positions.
Missing data indicates the paths were divergent or our
moderate extrapolations were inadequate.

Figures 6-8 are samples of plots of instrumental exposure
times correlated to actual storeroom months. The Xenon
results show widely varying calibration slopes for different
colors. The HPUV results are about the same when all colors
are viewed. The data for the Sunlighter and Carbon Arc wexe
much more scattered. Needing calibration factors we
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averaged the data across all colors for each three month
interval and ran a least squares regression to give a best
estimate calibration factor for each instrument. These data
are shown in Figures 9-12. The tails indicate the one sigma
limits for each point. On a relative basis the HPUV had a
smaller variance in the calibration factors. We were
surprised to see the sudden order out of chaos which
appeared upon averaging the Xenon and HPUV data. The slopes
are linear and pass through =zero. The Carbon Arc and
Sunlighter data showed a marked curvature due to artifacts
in data processing. Extrapolation should have proceeded
further to give higher correlated exposures. We feel only
the 3- and 6-months data are valid. A best slope was
calculated from only these points., Table V shows our best
estimate of instrument calibration factors from this
analysis. The calibration factor derived for the HPUV shows
that the irradiation in our card shops is only a third of
that computed to simulate a business office.

Conclusions

The HPUV Indoor Actinic Exposure System correlated best with
our simulated card shop. The Xenon Arc Weather-Ometer was a
very close second.

Instruments were better correlated with themselves than with
the storeroom. Rank orders seemed more dependent on source
intensity or other secondary instrumental variables than on
spectral energy distributions.

Because of the different activation spectra of our colored
samples, they showed different relative responses to the
four sources for accelerated irradiation in this study.

Calibration factors relating instrument exposure with
storeroom exposure varied widely by color. A  simple
universal calibration was not possible. Each color might
have a different response to the increased irradiance of
accelerated testing.
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Color Sampies Studied
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CIELAB Delta E*’s for all Samples In the fade Correlation Study
Delta E*’s were Measured from Unfaded Samples

[ Exposure — DO OR o7 K GR GB ar 18 T P Y |
3 Monthe 1.50 7.04 3.07 0.73 0.87 0.24 0.98 1.00 1.27 3.49 077 2.06
- 80 itz 08 ‘YA 8.60 25 ane 1.0% 20 | 400 587 13.07 a3.7e [ &3]
4 HP Monthe 4.91 17.62 11.81 J.41 4.85 0.98 2.5 7.00 6.02 13.48 28.20 5.62
10 . kB | X32 A4 S, 19 LI OBY  DAT GIB €47 985 2048 2B
10 CAsc Hre 1.68 2.39 2.02 0:9 0.7_';_ 0.2_9 0.83 0.58 4.1 .75 7.44 3.35
. 8 “Aonkee: - 12858 1287 B = < 108 20T OHO 1.55 a2, E-< 4 889 . 204 288 |
100 kim~2 4.92 13.061 9.08 3.17 0.89 1.08 2.97 8.15 9.63 16.20 398.23 13.32
S ] MR Monihs | 508 20802 14n 5.4 18y 277 k3 0288 48 - ANy seA2 12:60:
20 Snit Hre 404 5234 450 3.17 1.83 120 1.29 117 8.94 1222 33.91 .01
20 . ChcHm -A4% 734 517 243 279 1.38 178 L 1300. 1756 3043 .75
9 Months .27 1522 7.43 1.68 3.58 0.79 1.94 4.64 0.82 7.92 4.00 3.62
150 U.Ml"i L% b ] 1285 5.0 B.&s 248 418 12.00 13.44 Wet T sess 2318
12 HP Monthe 0.99 23.64 17.00 9.03 a9 4.80 6.34 17.05 14.28 20.07 50.19 .72
30 k28 3 48 ang 882 387 amn 147 153 100 1009 400 4198 333 |
30 C Ac Hre 5.13 8.56 6.70 3.04 3.79 1.43 2.19 2.52 14.38 19.12 34.25 15.34
32 “onths 378 1774 568 199 4r3 128 b % -3 o83 090 880 - 558 428
200 kim~2 0.39 23.02 15.39 6.46 9.35 3.2 8.38 14.44 15.99 21.53 57.64 32.01
16 wm 7.5 20.8 2280 1483 8.09 art .28 = 2028 18.66 WA oS adss
40 Skt Hre 5.52 933 8.81 4.88 2483 1.68 1.99 222 11.88 13.87 43.90 477
40 . CNoHe 5.37 .84 743 387 518 1.82 249 - 3.55 13.58 20237 4%.48 3.3

Tabile Ii



CIELAB Delta E’'s for all Samples

of Litho Process Pink
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L6

Spearman Rank Correlation Coefficients

Calculated from Delta E* Data
™ Rank Correlation First Second Thikd Fourth Overall
Pair Quatriie Quatrile Quatrile Quatrile Average|
Xenon * HPUV 0.863 098371 0951 09161 0.9423
Xenon * Carbon Arc 0.8462 0.9231 0.9371 0.9181 0.9056
Sunfighter * Carbon Arc| 0.9371 0.8881 0.8811 0.8881 0.8866
HPUV * Carbon Arc 0.7273 0.7762 0.8392 0.7483 0.7728
Xenon * Sunlighter 0.7972 0.7413 0.7552 0.7832 0.7692
HPUV * Sunlighter 0.7133 0.62904 0.6853 06154 0.6609
Storeroom * HPUV 0.5044 0.6713 0.7203 05874 0.6434
Storeroom * Xenon 06204 0.5804 0.6434 0.3315 0.5962
Storeroom * Carhon Arc| 04895 0.4266 0.5035 039168 0.4441
Storeroom * Sunlg!lbt 04545 03077 0.46183 0.3566 0.4038
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Fade Path of Qypsy Rose Deco Vellum
through CIELAB Color Space
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Correlated Exposure Time Averaged Over All Fixtures

199

 Sore Xenon
Months oD pa DR DT al OR
3 113 34.9 27.7 12.2 136 1.8
] 207 74.8 9.2 20.8 3.8 7.6
° @82 1220 na 4435 e4s 524
12 0.6 144.1 1.7 50.8 84.9 7.9
Q8 aT 2 8 LM LP LY
3 22.6 16.2 1.8 11.9 4.8 9.2
[ ] 40.4 36,0 43 196 1.2 20.4
[ ) 60.3 70.8 7.2 2.1 7.9 30.4
12 732 2.3 113 290.1 &7 30.6
[ Store RPOV
Months DD foue] DR pT Qi aR
3 0.8 1.8 1.0 0.3 0.8 0.9
[ ) 1.7 8 3 0.9 22 2.1
-] 2.8 43 3.2 1.7 3.8 36
12 3.6 8.1 4.1 2.2 8.2 8.6
as aT LL ] P LY
3 1.3 0.8 0.1 1.2 0.5 2.1
[} 2.3 1.7 0.3 24 1.1 29
[ 3.4 3.4 0.8 3.0 1.7 36
12 4.1 4.8 0.8 4.2 24 4.0
T Slore | Sunlighter
Months DD Da DR oT Gl GR
3 3.4 27.0 118 23 2.6
[ ) 8.2 43.1 28.2 8.6 [ X))
° 1.6 419 7.6 142
12 14.1 48.0 8.8 18.3
a8 ar Ty T ) LY
3 18.0 20.0 o3 8.3 0.5 20.7
[ ] 2.8 4.8 0.8 17.6 1.1 a7
[ ) 37.8 48.0 1.4 19.8 1.7 208
12 41.9 45.0 22 8.9 2.4 332
— Blore Tarbon Arc
Monthe DD DG OR oT ol GR
3 6.0 7 12.0 8.2 10.9 2.9
[ ) 122 8.3 21.4 11.8 2.8 10.2
° 18.5 124 30.8 154
12 18.8 18.6 7.1 0.9
as QT iL ] LP LY
3 118 189 (Y} 24 24 5.0
[ ] 20.8 26.2 0.9 3 3.0 1.6
[ 20.8 2. 1.3 8.4 .8
12 31.2 348 3.9 6.4 1.2
Table IV




Correlation of Xenon Irradiation
with Time in our Storeroom Simulator
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Correlation of HP-UV Irradiation
with Time in our Storeroom Simulator
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Correlation of Xenon Arc Irradiation
with Storeroom Months
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Calculated HP Months

Machine Hours
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Correlation of Sunlighter Exposure

with Storeroom Months
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Correlation of Carbon Arc¢ Exposure
with Storeroom Monthsg
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Correlated Exposure Factors

Storeroom Xenon HP-UV Sunlighter Carbon Arc
Months  Kj/m’ HP Mths Mach. Hrs Mach.Hrs

3 153 0.9 9.1 8.4
6 33.5 1.9 17.8 14.8
9 50.1 2.9 21.0 16.6
12 65.1 3.8 22.0 20.3

Best Estimated Factors by Linear Regression
12 66.4 3.9 36.0 31.2

Table V
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