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bstract. The present study deals with the optical and color stabil-
ty of aged specialty papers and ultraviolet cured (UV) ink jet prints.
s paper substrates, a fiber synthetic paper and two types of lignin-

ree papers with included security elements were used. Prints of
MYK color fields using UV Curable Inks were made using a UV ink

et printer, Océ Arizona 250® GT. Samples of papers and UV ink jet
rints were artificially aged using standard techniques of acceler-
ted aging, such as moist heat (80°C and 65% RH), dry heat
105°C� and treatment with the a xenon arc lamp (35°C CT, 50°C
ST, 35% RH). Aging was performed for periods of 1, 2, 3, 6, and 12
ays. In this study, optical properties of untreated and treated paper
ubstrates such as the whiteness and yellowness index and color
ifferences between untreated and treated UV ink jet prints were

ollowed. The tested paper substrates behaved differently. The fiber
ynthetic paper was more stable than both lignin-free cellulose pa-
ers. Some color differences during accelerated aging were ob-
erved in prints. The effect depends on the particular ink and type of
ccelerated aging. On average, dry heat treatment and treatment
ith the xenon arc lamp showed greater impact on CMYK prints

han moist heat treatment. The most stable among the prints was
he black ink. © 2010 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2010.54.6.060402�

NTRODUCTION
nk jet prints vary widely not only in the compositions of
heir colorants and paper but also in their stability. Heat and

oisture are two of the most important environmental in-
uences on the stability of color prints and papers. During
n aging procedure, the properties of paper materials and
nk components can simultaneously change. High tempera-
ure and humidity adversely affect all color print materials,
lthough not to the same degree. Such elevated conditions
ause the colors to deteriorate quite rapidly. The natural
rocess of deterioration starts as soon as a color image is
rinted. Also, exposure to light can cause colors to fade and
an shorten the life of color prints. The degree of fading
aries with the type of illumination and is greater with
igher-intensity light.1 The light fastness of a print depends
pon a number of factors, and if not adequate, the color will

ade, change chroma or shade, and eventually, the color can
isappear altogether. These factors are the exposure condi-
ions, exposure time, substrate and ink film thickness, but
rimarily, the colorants used. The ink film thickness affects

ight fastness with thick films being more lightfast due to

eceived Dec. 1, 2009; accepted for publication Aug. 6, 2010; published
nline Nov. 4, 2010.
062-3701/2010/54�6�/060402/9/$20.00.

. Imaging Sci. Technol. 060402-
reater reflection or light scattering. Resistance to fading or
iscoloration and durability of printed paper determines its
uitability for outdoor applications.2,3

The deterioration of paper materials upon aging is ini-
iated by the irreversible breakage of their mechanical,
hemical and optical properties. The dry heat aging proce-
ure is very powerful and fast. Three days under these con-
itions correspond to 25 years of natural paper aging. On

he other hand, the moist heat technique of accelerated pa-
er aging is slower and less effective, but simulates the natu-
al aging behavior of paper materials better. Moist heat treat-

ent at 80°C and 65% relative humidity for 24 days is
ommonly believed to be equivalent to 100 years of natural
ging. Another well-known aging technique is the light fast-
ess test, where papers are exposed to artificial sunlight, with
ne hour of treatment under a xenon lamp corresponding to
ne day in nature.

Our main research interest is focused on specialty pa-
ers, investigation of their properties, printability with digi-

al printing techniques and their durability. In the present
aper, the influence of accelerated aging on the optical prop-
rties of specialty papers and on the colorimetric properties
f specialty papers printed with ultraviolet curing (UV) inks
as studied. Previously published research considered
ostly the durability of cellulose papers and conventional

nks. Havlínova4 published a detailed study of the stability of
ffset inks on alkaline offset paper after aging. Vilkman5

tudied the fastness properties of ink jet prints on coated
apers. The goal of our research was to estimate the dura-
ility of specialty papers and UV ink jet prints for outdoor
pplications.

XPERIMENTAL RESULTS
amples
n this study, three types of specialty papers with approxi-

ately the same nominal grammage �100 g/m2� were used:
aper 1: Neobond (Neenah-Lahnstein Co., Germany), Paper
: Catenelle (Fabriano, Italy), and Paper 3: Small Money
Gmund, Germany).

Neobond is a durable and hardwearing fiber synthetic
aper. This double-side coated paper comprises a mixture of
elected pulp and synthetic fibers (polyamide—PA,
olyester—PES and viscose), reinforced by a special

mpregnation.

Catanelle is uncoated paper, made from the 100% el-
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mental chlorine free chemical bleached pulp obtained from
ood. The pulp is lignin-free and the stock does not contain
hemiThermoMechanical Pulp or ThermoMechanical Pulp.
he paper has a multitonal watermark and contains fluores-
ent security fibers.

Small Money is a lignin-free paper, made from a mix-
ure of old German marks, waste paper and virgin cellulose
bers.

rinting
pecialty papers were printed using UV Curable Inks based
n pigments produced by Fujifilm Sericol in a flatbed ink jet
rinter, Océ Arizona® 250 GT (piezoelectric inkjet using Océ
ariaDot imaging technology, resolution: 1,440 dpi). The
nown components of Océ UV Curable Ink, besides its pig-
ents are oxybis(methyl-2,1-ethanediyl)diacrylate, phospine

xide, 2-hydroxy-4-hydroxyethoxy-2-methylpropiophenone,
roprietary multifunctional acrylate R36, and 2-benzyl-2-
imethylamino-4-morpholinobutyrophenone. Océ UV Cur-
ble Ink is a fluid with a boiling point/boiling range

100°C, a density of 1.10000 g/cm3 at 20°C with no or-
anic solvent, a VOC of 0.00%, and is stable up to 50°C.

A printing test form was prepared with cyan (C), ma-
enta (M), yellow (Y) and black (K) solid colors.

ethodology
he surface properties of specialty papers were tested under

tandard climate conditions (ISO 187). The roughness and
orosity characteristics of papers were measured with a
endtsen air permeability device according to method ISO
791–2. Water absorptivity was measured by method
obb60 (ISO 535).

Specialty papers and CMYK prints were aged using
tandard techniques for accelerated aging: Moist heat based
n standard SIST ISO 5630–3 (80°C and 65% relative hu-
idity), Dry heat based on standard SIST ISO 5630–1

105°C� and aging with a Xenon lamp based on standard
SO 12040, (35°C Chamber Temperature, 50°C Black Stan-
ard Temperature, 35% relative humidity). For determina-
ion of the light fastness of papers and prints, a Xenotest®

lpha was used. The apparatus simulates and accelerates the
atural weathering process, providing reliable results con-
erning the long-term behavior of materials. Papers and
rints were exposed to different conditions under all three
ypes of accelerated aging for 1, 2, 3, 6, and 12 days.6–8

The optical properties of the paper samples were evalu-
ted based on the CIE whiteness and yellowness index
I E313. The measurements were made with a spectropho-

ometer Spectroflash 600—Datacolor International (D65
tandard illumination, 10° standard observer, D/0 measure-

ent geometry and measuring aperture: 2r=6.6 mm).
The CIE formula is based on the calculation of X, Y, Z

alues. It takes into consideration both lightness and chro-
aticity of white samples. The CIE whiteness, based on the

tandard ISO 11475, is defined as

W = Y + 800�x0 − x� + 1700�y0 − y� , �1�

here W is the CIE whiteness, Y is the trismilus value of a

hite sample and x and y are the chromaticity coordinates i

. Imaging Sci. Technol. 060402-
f the white sample.9

The yellowness index, according to the ASTM Method
313, is calculated as follows:

YIE313 =
100�CXX − CZZ�

Y
�2�

here X, Y, Z are the CIE trismilus values, and CX and CZ

re coefficients (D65/10°: Cx =1.3013, CZ =1.1498).10

The colorimetric properties of the CMYK ink were de-
ermined using a spectrophotometer, GretagMacbeth Eye-

ne (D50 standard illumination, 2° standard observer, 45/0
easurement geometry and 4.5 mm measuring aperture).
he color differences ��Eab

� �, which appeared after aging,
ere calculated according to Eq. (3),

�Eab
� = ���L��2 + ��a��2 + ��b��2, �3�

here �L� =L��0�−L��t�; �a� =a��0�−a��t�;
b� =b��0�−b��t� are the differences calculated for original

0) inks and the aged inks (t).11

ESULTS AND DISCUSSION
he Influence of Accelerated Aging on the Optical
roperties of Specialty Papers
pecialty papers can be used in many applications, such as
dentification documents, luggage tags, pressure-sensitive la-
els, packaging, geological and leisure maps, and educational
nd visual charts. Typical applications are also in the cos-
etics and pharmaceutical industries. A specialty paper is

ypically one with a specific feature and must have specific
haracteristics required for a specific use. One of them is
ynthetic paper. Synthetic paper is defined as a product com-
osed of at least 20% synthetic substances. It can be used in
any applications where traditional cotton or pulp based

apers will not survive long, for example, where the paper is
xposed to the heat, rain and most particularly to UV radia-
ion outdoors. Another kind of specialty paper is one with
uorescent fibers embedded into the paper during manufac-

uring, watermarks, and other security elements included.
lso, for these papers, a higher resistance to heat, moisture,
ater, and UV radiation is needed in order to last longer

han ordinary printing papers.12–15

To examine the influence of heat, moisture and light on
aper properties, some surface and optical properties of spe-
ialty papers were determined. The data are presented in
able I.

In our investigation, three types of accelerated aging
ere applied, moist heat (80°C, 65% RH), dry heat �105°C�

nd treatment with a xenon lamp (35°C CT, 50°C BST,
5% RH), in order to determine the durability of synthetic
aper and both cellulose and lignin-free papers. The optical
tability of specialty papers (i.e., whiteness and yellowness
ndex) during accelerated aging was followed. Figures 1–3
ummarize these results.

One of the most significant optical properties of paper

s its whiteness. The impression of whiteness consists of the

Nov.-Dec. 20102
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erceived lightness and the hue. The concept of CIE white-
ess comprises both the whiteness and tint value of CIE
hiteness, the Y value as a measure of lightness and the
eviation from neutral. The determined CIE whiteness val-
es for papers before aging are given in Table I. As seen from
igs. 1–3 for all papers, but especially both cellulose lignin-

ree papers, the highest change in the CIE whiteness was
btained after 24 h of aging, regardless of the treatment
pplied. With ongoing treatment, the whiteness of all exam-
ned specialty papers decreased further.

Papers behaved differently to the applied aging treat-
ents. The most obvious decrease in the CIE whiteness of

aper 1 (Fig. 1) was obtained using dry heat treatment
105°C�. After 12 days of treatment, values dropped from
8.7 to 49.9. Treatment with the xenon lamp (35°C CT,
0°C BST, 35% RH), had the smallest impact. Values

Table I. Properties of specialty papers.

roperties Paper 1 Paper 2 Paper 3

rammage �g / m2� 100 90 110

hickness �µm� 112 117 143

oughness �ml/min� 630 207 1575

orosity �ml/min� 10 775 120

ater absorptivity �g / m2� 5 8 7

IE whiteness �%� 78.7 70.1 100

ellowness index �/� 4.93 4.07 −4.70

Figure 1. The influence of aging on Paper 1 whiteness.

Figure 2. The influence of aging on Paper 2 whiteness.
ropped only for 2.6 units, whereas the moist heat treatment w

. Imaging Sci. Technol. 060402-
nfluenced the CIE whiteness more and a linear decrease was
btained. Paper 2 (Fig. 2) exhibited the lowest stability dur-

ng treatment with the xenon lamp (values dropped from
0.1 to 6.35 after 12 days) and good stability during the dry
eat and moist heat treatment, which is contrary to results
btained for Paper 1. For Paper 3, it was established that the
IE whiteness decreased linearly during the moist heat treat-
ent and exponentially during the dry heat treatment, re-

ulting in a change between 40% and 50% after a period of
2 days. After treatment with the xenon lamp, a 40% de-
rease was obtained after the third day. Afterwards, the value
eveled off. It is obvious that Paper 3, which is made from a

ixture of old German marks, waste paper and virgin fibers,
s less stable after aging than the other two papers made
rom chemical pulp (Paper 2) or a mixture of chemical pulp
nd synthetic fibers (Paper 1). For both lignin-free cellulose
apers, the CIE whiteness was least influenced by the moist
eat treatment and most influenced by treatment with the
enon lamp, where an obvious change in CIE whiteness was
btained at the beginning of the treatment. For synthetic
aper, because of containing synthetic fibers, which are less
ensitive to moisture and light than cellulose fibers, the dry
eat treatment caused 35% change after 12 days, whereas the
oist heat treatment changed the CIE whiteness by only

5% and by none after treatment with the Xenon lamp.
Figures 4–6 show the influence of different aging meth-

ds on a paper’s yellowness. The tested papers differed
lightly in yellowness. Paper 1 (yellowness index
I E313=4.93) and Paper 2 (YI E313=4.07) were more
ellowish, while Paper 3 was more bluish (YI E313=−4.70).
aper yellowing is a natural process of paper aging, which is
aused by sunlight, moisture, and air. The whole complex of
hese factors and their impact on paper is called photo-
hemical aging.16 From Fig. 4, is seen that accelerated aging
as less impact on the fiber synthetic paper (Paper 1) com-
ared to cellulose and lignin-free papers (Paper 2 and Paper
). Paper 1 yellowness increased polynomially during all
hree aging methods. After treatment with the xenon lamp,
he paper was very stable. Values of yellowness remained
lmost unchanged after 12 days. Fiber synthetic paper con-
ains a high amount of polyester and polyamide fibers. Poly-
ster (PES) fibers have greater light resistance than polya-
ide (PA) and cellulose fibers. Photooxidation takes place at

igher temperatures.17 For Paper 1, the change in yellowness

Figure 3. The influence of aging on Paper 3 whiteness.
as less obvious from the moist heat treatment than from

Nov.-Dec. 20103
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he dry heat treatment. It is known that synthetic papers are
esistant to moisture, which would already damage conven-
ional papers.12

The results of all three types of aging show that Paper 2
Fig. 3) yellowed more slowly during the dry heat treatment,
hile the treatment with the xenon lamp was the most pro-
ressive. After 12 days, Paper 2 obtained a yellowness index
I E313 of 26.51. As with Paper 2, a polynomial increase of
ellowness was obtained for Paper 3 too, after all three aging
ethods. The most obvious increase in yellowness for Paper
was obtained by treatment with the xenon lamp first (until

he 6th day) and afterwards by dry heat accelerated aging.
ne of the major sources of decay of materials made from
atural fibrous materials such as paper and exposed to en-
ironmental stress is the effect of light. It is well known that
he paper manufactured from pulp has the tendency to un-
ergo yellowing (brightness reversion) upon exposure to
unlight. Pure cellulose absorbs visible light only to a small
xtent, while the absorption in the near UV spectral region
s more pronounced. Photosensitized degradation, where the
nergy absorbed by photosensitizers is transferred to initia-
ors, resulting in formation of a reactive species, is the main
ource of light induced decay of cellulose. The loss of bright-
ess (paper yellowing) during the aging procedure is attrib-
ted to the presence of the chromophores formed by the
egradation of paper components (cellulose, hemicellulose,

ignin). It is believed that, above 90°C, yellowing of cellulose
s primarily the result of oxidation.18–20

Similar to CIE whiteness, yellowing of papers depends
n paper structure and surface coating. Both cellulose pa-
ers are very sensitive to light, especially Paper 2, which is
ncoated. On the other hand, Paper 2 is very stable to dry
eat and moist heat aging, whereas Paper 3, which contains
ecycled fibers from banknote and waste paper, though it is
oated, is much more sensitive to all aging treatments. Paper
, which is coated and composed also from synthetic fibers,
s very stable in light and moisture. Light fastness depends
lso on coating. A denser coating structure, with smaller
orosity, hinders the penetration of light, inhibiting
hotodegradation. Comparison of roughness, porosity and
ettability of specialty papers (Table I) confirmed that lower
orosity and surface wettability resulted in better light fast-
ess, as well as better stability of a paper’s optical properties

Figure 4. The influence of aging on Paper 1 yellowness.
o dry heat and moist heat aging. a

. Imaging Sci. Technol. 060402-
nfluence of Accelerated Aging on the Colorimetric
roperties of UV Ink Jet Prints
ltraviolet curing inks have a different structure than con-

entional printing inks. They are made up of monomers,
repolymers/oligomers, pigments/colorants, additives, and
hotoinitiators/synergists. Ultraviolet reactive inks require
igh intensity sources of ultraviolet light to initiate a chemi-
al reaction, curing the ink almost instantaneously. Instead
f being absorbed into the paper, the UV ink remains on the
urface. The UV inks are predominantly used in printing on

variety of substrates, including a range of paper grades,
igh-grade card products, labels, metal, wood, fabrics, non-
bsorbent materials such as polyethylene (PE), polypropyl-
ne (PP), polyester (PES) etc. These inks are highly durable
nd resistant to abrasion, which permits their use in harsh
nvironments and where chemical resistance is required.21–24

ne of the advantages of UV inks is also the high light
astness of the cured films. UV ink jet printing is also suit-
ble for outdoor applications, because the UV cured ink
lms have high durability due to their superior weather
esistance.25

To examine the fastness properties of UV ink jet prints,
olid single color areas were printed on specialty papers.
olor difference �Eab

� was used as a measure of light, moist
eat and dry heat fastness, so the CIEL�a�b� values of the
rints were measured before and after aging. Differences in

he L�a�b� values of CMYK inks after 12 days of aging are
resented in Tables II–V, while the influence of accelerated
ging on color differences ��Eab

� � of CMYK inks printed on
ll three specialty papers after 1, 2, 3, 6, and 12 days of aging

Figure 5. The influence of aging on Paper 2 yellowness.

Figure 6. The influence of aging on Paper 3 yellowness.
re presented in Figures 7–18.

Nov.-Dec. 20104
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Figure 7 shows that the color differences of cyan ink
rinted on Paper 1 are small after all aging treatments, and

hat the most stable color was obtained during treatment
ith the xenon lamp. The total color difference after 12 days
f aging was only �Eab

� =2.20. During dry heat treatment,
he highest color differences were obtained. After 2 days of
ging, the color difference exceeded a value of �Eab

� =3 and
nded with �Eab

� =4.47 after 12 days of aging. The highest

Table II. Differences in L�a�b� values of cyan ink after 12 days of aging.

yan �L� �a� �b�

Moist heat 1.54 −2.22 −1.23

aper 1 Dry heat 0.64 0.79 −4.35

Xenon lamp −0.37 −1.97 −0.91

Moist heat 0.07 −0.73 −4.20

aper 2 Dry heat 0.61 0.62 −6.87

Xenon lamp −0.19 −2.37 −1.77

Moist heat 1.32 1.45 −5.70

aper 3 Dry heat 2.06 3.26 −8.75

Xenon lamp 0.79 −0.80 −2.14

Table III. Differences in L�a�b� values of magenta ink after 12 days of aging.

agenta �L� �a� �b�

Moist heat −0.86 4.18 −1.53

aper 1 Dry heat −0.86 4.25 −2.79

Xenon lamp −1.06 6.15 −1.37

Moist heat 0.40 1.69 −1.66

aper 2 Dry heat 0.40 4.73 −1.56

Xenon lamp 0.97 4.55 −1.81

Moist heat 1.07 2.97 −4.44

aper 3 Dry heat 1.25 2.79 −4.8

Xenon lamp 1.06 4.35 −3.16

Table IV. Differences in L�a�b� values of yellow ink after 12 days of aging.

ellow �L� �a� �b�

Moist heat 0.39 −1.49 1.33

aper 1 Dry heat 1.44 −2.33 −0.30

Xenon lamp 0.58 −0.52 1.91

Moist heat 1.55 −1.43 4.62

aper 2 Dry heat 2.23 −1.01 4.65

Xenon lamp 0.91 −0.55 3.16

Moist heat 1.66 −2.53 3.77

aper 3 Dry heat 2.63 −3.34 3.43

Xenon lamp 1.73 −0.94 4.12
. Imaging Sci. Technol. 060402-
eviation was obtained in b� ��b� =−4.35� as can be seen
rom Table II.

Significant discrepancies between different accelerated
ging treatments were noticed for cyan ink printed on both
ellulose and lignin-free papers (Paper 2 and Paper 3). At all
reatments, a power law increase in color change was ob-
ained, as seen in Fig. 8. The cyan ink was the most stable in
he case of treatment with the xenon lamp. The color differ-
nce of cyan ink after 12 days of aging did not exceeded the
alue of �Eab

� =3, which corresponds to a negligible change
n color. The dry heat treatment had a significant impact.
he color difference started with �Eab

� =4.60 in the case of
ne day of aging and ended with �Eab

� =6.93 after 12 days of
ging. The results correspond to massive deviation and sig-
ificant change in color. For moist and dry heat aging the

Table V. Differences in L�a�b� values of black ink after 12 days of aging.

lack �L� �a� �b�

Moist heat −2.48 −0.04 0.13

aper 1 Dry heat −2.95 0.09 −0.31

Xenon lamp −2.18 0.10 0.07

Moist heat −2.31 0.10 −0.46

aper 2 Dry heat −2.84 0.06 −0.30

Xenon lamp −1.78 −0.06 0.09

Moist heat −0.67 0.07 −0.23

aper 3 Dry heat −1.21 0.05 −0.11

Xenon lamp 0.84 0.00 0.13

Figure 7. The influence of aging on cyan ink printed on Paper 1.

Figure 8. The influence of aging on cyan ink printed on Paper 2.
Nov.-Dec. 20105
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ighest change was obtained for values on the yellow-blue
xis (�b� =−4.20 and �6.87), whereas for treatment with
he xenon lamp, on the red-green axis, �a� =−2.37. The
hange in the lightness �L� for all three aging methods after

Figure 9. The influence of aging on cyan ink printed on Paper 3.

Figure 10. The influence of aging on magenta ink printed on Paper 1.

Figure 11. The influence of aging on magenta ink printed on Paper 2.

Figure 12. The influence of aging on magenta ink printed on Paper 3.
2 days of aging was insignificant. Cyan ink printed on Pa- a

. Imaging Sci. Technol. 060402-
er 3 was also the most stable after treatment with the xenon
amp and changed the most using dry heat treatment. A
ower law change in the color differences resulted after 12
ays, �Eab

� =9.56.
Significant color differences were obtained for magenta

nk printed on Paper 1 after all three types of aging. The
agenta print became more reddish (Table III). After 2 days

f aging the values of color difference reached �Eab
� =3. The

ighest difference was obtained after treatment with the xe-
on lamp on the print on synthetic paper, where the color
ifference reached �Eab

� =6.39 after 12 days of aging
Fig. 10). As shown in Fig. 11 the moist heat treatment did
ot significantly affect the color of the magenta print on
aper 2. Also, for Paper 1, the change in color was smallest
mong all three aging treatments. Magenta is more sensitive
o dry heat aging in the short period of the treatment (1, 2,

Figure 13. The influence of aging on yellow ink printed on Paper 1.

Figure 14. The influence of aging on yellow ink printed on Paper 2.

Figure 15. The influence of aging on yellow ink printed on Paper 3.
nd 3 days), as the color change on all three printing sub-

Nov.-Dec. 20106
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trates is higher, compared to the color difference obtained
uring the other two aging treatments. Additionally, the
hanges of �a� =4.73 for Paper 2 after dry heat and of
a� =4.35 for Paper 3 after treatment with the xenon lamp,

onsequently demonstrated the highest variance of �E�. For
ry heat treatment, the increase in the color difference fol-

owed, for Paper 1 a power law. Paper 2 was exponential and
aper 3 was logarithmic. For Paper 2, after 12 days of dry
eat aging, the color difference reached the same value that
as obtained after treatment with the xenon lamp.

Yellow ink printed on Paper 1 (Fig. 13) was very stable
or all three techniques of accelerated aging. The color dif-
erences did not exceeded a value of 3, which corresponds to
egligible change in color. Application of the dry heat aging
ethod resulted in a significant change in the yellow ink

rinted on Paper 2 and Paper 3. The color differences ob-
ained for all three aging methods increased logarithmically.

Figure 16. The influence of aging on black ink printed on Paper 1.

Figure 17. The influence of aging on black ink printed on Paper 2.

Figure 18. The influence of aging on black ink printed on Paper 3.
fter 12 days of aging, the color differences rose to y

. Imaging Sci. Technol. 060402-
Eab
� =5.08 (moist heat), �Eab

� =5.25 (dry heat), and
Eab

� =3.34 (xenon lamp) for Paper 2. The color difference
f yellow ink printed on Paper 3 (Fig. 15) showed logarith-
ic increase for all accelerated aging types. The ink was the

east stable under dry heat aging. The differences after 12
ays were �L� =2.63, �a� =−3.34, and �b� =3.43, which
orrespond to high deviations.

It is evident from Figs. 16–18 that black ink was very
table for all specialty papers. For all papers, a logarithmic
rend line was observed when all treatments were compared.
ifferences of lightness played the dominant role in the total

olor difference found for black ink for all three aging types.
he color differences were still acceptable even after 12 days.
he most stable was black ink printed on Paper 3, where the
olor difference was approximately 1.

The color difference measured for CMYK inks after 12
ays of moist heat accelerated aging are summarized as

ollows:

(i) The best stability was obtained for the black ink film
�Eab

� �2.5� for all three specialty papers;

(ii) A negligible change was obtained for cyan and yel-
ow ink films on synthetic paper, but a higher difference was
bserved for the magenta ink film ��Eab

� =4.5� owing to in-
reased �a�;

(iii) Lower stability was obtained for cyan, magenta and
ellow ink films on both cellulose papers ��Eab

� �6�, mostly
ecause of decreases in �b� for cyan ink, decreases in �b�

nd increases in �a� for magenta ink and increases in �b�

nd �L� and decreases in �a� for yellow ink.

UV cured ink films have no barrier to moisture or wa-
er. Their resistance to the influence of moisture varies de-
ending on how they key on paper substrates, which is in-
uenced by the roughness and wettability of the paper
urface. The poorer the keying to the substrate, the more
ritical are the conditions under the influence of moisture.26

The color differences measured for CMYK inks after 12
ays of dry heat accelerated aging are summarized as

ollows:

(i) The best stability was obtained for the black ink film
�Eab

� �3� for all three specialty papers;

(ii) A negligible change was obtained for yellow ink film
n synthetic paper, and a still acceptable but higher differ-
nce was found for cyan and magenta ink films (�Eab

� =4.5
nd 5.2) resulting from a decrease in �b� and, for magenta
nk, also from an increase in �a�;

(iii) A color change between 5 and 5.5 was obtained for
agenta and yellow ink films on both cellulose papers, for
agenta ink because of differences in �b� and �a�, and for

�
ellow ink because of increases in �L ;
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(iv) Cyan ink films on cellulose papers demonstrated
ignificant change in color, �Eab

� =6.9 for Paper 2 and 9.5 for
aper 3, mainly because of substantial decreases in �b�.

Because dry heat treatment is the most powerful aging
echnique, it is not surprising that, after 12 days, the change
n color is higher compared to moist heat treatment. Besides
nk properties, surface properties of paper influence the sta-
ility of ink films.

The color differences measured for CMYK inks after 12
ays of accelerated aging with the xenon lamp are summa-
ized as follows:

(i) The best stability was obtained for the cyan and black
nk films ��Eab

� �3� for all three specialty papers;

(ii) A negligible change was obtained for yellow ink film
n synthetic paper too, whereas for magenta ink, a signifi-
ant increase in �a� resulted in a higher color difference
�Eab

� =6.4�;

(iii) For both cellulose papers, a negligible change was
btained in the cyan ink films, but a higher difference was
oted for yellow ink films ��Eab

� �4.5� because of increased
b�. A difference ��Eab

� �5� for magenta ink films was ob-
erved, where input of �a� and �b� was evaluated, but

ostly increases in �a�.

Accelerated aging with the xenon light, which simulates
he light fastness of papers exposed to daylight for approxi-

ately 9.6 months, resulted in lower changes in color com-
ared to the other two aging techniques. Also, with this tech-
ique, some influence from paper surface structure on color
tability was noticed. However, the light fastness appears to
e dependent on the specific colorant-paper interactions.

In Table VI, the differences in optical density for CMYK
nks after 12 days of aging are presented. Only a small re-
uction in relative optical density was obtained. Among all

nks, the magenta ink film on all three specialty papers ex-

Table VI. Differences in optical density of CMYK inks after 12 days of aging.

�DC �DM �DY �DK

Moist heat 0.04 0.06 0.01 0.05

aper 1 Dry heat 0.04 0.05 0.00 0.02

Xenon lamp 0.03 0.09 0.02 0.01

Moist heat 0.03 0.05 0.01 0.03

aper 2 Dry heat 0.06 0.08 0.01 0.07

Xenon lamp 0.07 0.09 0.05 0.06

Moist heat 0.08 0.05 0.00 0.05

aper 3 Dry heat 0.05 0.02 0.00 0.04

Xenon lamp 0.09 0.09 0.02 0.06
ibited the lowest stability during aging; a decrease of up to

. Imaging Sci. Technol. 060402-
% was obtained. On cellulose papers, the highest loss was
aused by treatment with the xenon lamp for all four inks,
nd also for magenta and yellow inks on synthetic paper.
he optical density of ink film on paper is influenced by
aper characteristics and pigment concentration in the ink.
he paper roughness and porosity influence the formation
f ink film on the paper surface, its thickness and conse-
uently its stability during aging. Because we cannot obtain

nformation on the composition of the inks used in our
tudy, we cannot identify the chemical processes initiated by
ccelerated aging methods.

ONCLUSIONS
ifferent standard techniques of accelerated aging (moist
eat, dry heat, and treatment with a xenon lamp) were ap-
lied in the stability investigation of optical properties of
pecialty papers and colorimetric properties of UV ink jet
rints. The results obtained during processes of accelerated
ging indicated that the CIE whiteness of papers decreased,
nd yellowness increased. The application of treatment with
he Xenon lamp caused the most obvious decrease of white-
ess for Paper 2 (lignin-free paper with multitonal water-
ark and fluorescent security fibers); while for Paper 1 (fi-

er synthetic paper), the lowest influence was noticed. Paper
yellowed more during dry heat treatment, while Paper 2

nd Paper 3 (lignin-free paper made from mixture of old
erman marks, wastepaper and virgin fibers) yellowed more
uring treatment with the Xenon lamp. The higher stability
f synthetic paper during aging can be explained with the
igher stability of synthetic fibers (PES and PA) to light and
oisture in comparison to cellulose fibers. Substantially

igher light fastness in synthetic paper is also the conse-
uence of a surface coating, which acts as a protective layer.

All three types of accelerated aging used in this study
ive some information about color stability and are equally
seful for all samples analyzed. The reduction in the optical
ensity of CMYK ink films on all specialty papers after 12
ays of accelerated aging was small, the highest being in
agenta ink. Dry heat accelerated aging and treatment with

he xenon lamp caused higher differences in color than
oist heat aging. The lowest heat-fastness was obtained for

yan ink and the lowest light-fastness was for magenta ink
lm on all specialty papers. The most stable was black ink.
very printed color reacted differently to the process of ag-

ng, where different parameters (i.e., paper characteristics,
nk composition) seem to be involved in the destructive pro-
ess. UV ink jet inks behaved differently on different types of
apers based on the composition of papers and their surface
roperties. The results from our study lead to the following
onclusion: the best optical stability was attained for fiber
ynthetic paper, and the best color stability under heat, mois-
ure, and light was shown by black ink.
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