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Abstract

The purpose of the project was to determine the absolute
ceiling limits for temperature, humidity, and time combinations to
prevent noticeable colorant bleed in photographs and documents
printed with inkjet digital technologies. The research focused on a
variety of dye printers and papers because it was known from
previous work that these printer/paper combinations produced
prints sensitive to humidity. The results of this work are intended to
help cultural heritage institutions that collect these materials
develop policies for use and care to prevent damage to their
collections. The results may also benefit commercial services that
offer prints made with these processes, as well as artists and
photographers and the general public.

In this so called “humidity limits” study a series of nine
different dye printer/paper sets were included along with one
pigment printer/paper combination to serve as a control.
Specimens were treated to twelve different time, temperature, and
humidity regimes covering a span of time from one day to four
weeks, temperatures from 15°C to 35°C and relative humidities
(RH) from 60% to 90%. The tests included measuring Delta E with
a spectrophotometer for a checkerboard target and line width
changes with image analysis software for a CMYK line target.
Analysis of the data from the humidity limits study indicated that
the behavior of the inkjet dye printer/paper combinations to the
various treatment conditions were quite variable.

Because institutions collections could contain prints similar
to a very sensitive print in this study, a very conservative approach
should be taken for their care. However, the results of this study
indicate that that inkjet dye prints, even the most sensitive ones,
are relatively safe from significant humidity bleed if kept at 65%
RH or less.

Introduction

Examples from the field have shown that elevated humidity can result
in bleeding of colorants in some digital prints [1] and several studies have
identified the sensitivity of inkjet prints to high humidity [2,3]. The Image
Permanence Institute (IPI) was able to replicate that effect in the Mellon-
funded Digital Print Preservation Portal (DP3) Project and rank the various
digital print processes according to their sensitivity to bleeding [4]. It is
evident that the colorants of some printing systems are fugitive at high
humidity. While high humidity levels are clearly associated with this
problem, it is likely that temperature and time are also important variables
that need to be integrated into the study of this effect. In this research, these
additional factors were studied to determine the minimum conditions to
initiate bleed. Having this information will be critical to institutions having
permanent or temporary non-optimal storage conditions for their
collections and as they move their materials into and out of controlled
environments for the purpose of transport, patron use, or display. They
need to know what absolute limits must not be crossed in order to prevent

irreversible harm. In these tests, a set of samples already known to be
sensitive to bleed were exposed to a series of temperature, humidity, and
time variations to develop this set of new, strict environmental limits that
must never be exceeded.

Sample Selection

For photographs, four different inkjet dye printers which included one
hybrid printer (dye CMY, pigment K) were selected for printing seven
different photo papers which represented four different paper technologies:
microporous, polymer (swellable), fine art with image-receiving layers and
a glossy paper formulated with a non-RC photo paper technology. For
documents, one inkjet dye printer was selected for printing two different
plain copy papers. There were nine different inkjet dye printer/paper
combinations in total. In addition, an inkjet pigment printer was used for
printing a microporous paper to serve as a control since inkjet pigment
prints have been shown from previous work to be quite insensitive to
humidity damage as compared to inkjet dye prints [4]. So there was a total
of ten printer/paper combinations selected for this investigation. A
summary of these printer/paper
identifications (IDs) is provided in Table 1.

combinations including sample

ID Printer Paper Type

1 Dye Photo 1 Microporous 1

2 Dye Photo 2 Microporous 2

3 Dye Photo 3 Polymer 1

4 Dye Photo 1 Polymer 2

5 Dye Photo 3 Plain 1

6 Dye Photo 3 Plain 2

7 Dye CMY Pigment K Non-RC - Glossy
8 Dye Photo 1 Fine Art - Matte
9 Dye Photo 2 Fine Art - Glossy
P Pigment Photo Microporous 2

Table 1: Printer/paper combinations selected for the
investigation.

Sample Preparation and Test Procedure

The nine different inkjet dye prints (both photographs and
documents) and the inkjet pigment print were printed in duplicate with a
combined checkerboard and a CMYK line target on a single sheet. The
checkerboard target, which is designed to test the sensitivity of print
systems to humidity exposure, is described in detail in ISO 18946 [5] but
only the upper portion of the target described there was used. This target is
illustrated in Figure 1.

The prints were conditioned at 21°C/50% RH for two weeks. It has
been reported that changes can continue to occur after two weeks [6].
However, in this project measurements made of untreated samples kept at
this condition for six months were measured again and no change was seen.
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After the samples were conditioned, the checkerboard targets were
measured with a spectrophotometer and the line targets were measured
with image analysis software. (See below for the measurement
methodology). The data from the duplicate samples were averaged. The
targets were then treated in ovens to an initial series of humidities: 60%,
70%, 80% and 90%, each at three temperatures: 15°C, 25°C and 35°C, for
1, 2, 4, 7, 14, 21 and 28 days. After each of these treatments the
checkerboard targets and line targets were measured again to determine
color change and line width change.

IPI Line Width and Cross-hatch Target

Figure 1: The checkerboard and line target used for printing samples is
shown in grayscale (actual target is in color).

Measurements of Color and Line Width
Change

CIELAB L*a*b* of each patch in the checkerboard target were
measured with a Gretag Spectrolino/ Spectroscan® spectrophotometer
(D50, 2° observer, with no UV cut-off filter). Delta E 2000 was calculated
for each of the checkerboard patches but the patch that consistently
produced the largest Delta E was used to provide the data published here.
This patch is checkerboard test target patch E6 in Figure 1 of ISO 18946
and is made up of black and white squares. It is reproduced in Figure 2.

Average line widths for vertical and horizontal printed lines were
measured utilizing ImageXpert® image quality measurement systems. The
printed samples were scanned at 2400 dpi. The threshold for gray value
was calculated as the 60% point between the dark mode (the mode of the
histogram peak formed by the foreground such as the magenta line) and the
light mode (calculated from the mode of the histogram peak for the paper
in the same color channel). The threshold for each color is calculated in the
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color channel that provided the highest contrast, i.e. blue channel for
yellow, green channel for magenta, red channel for cyan, and black.

Results and Discussion

The criterion for determining the condition for first noticeable bleed
was selected to be a Delta E of three. This Delta E was based on previous
experience obtained when artists and photographers viewed comparison
prints at printmaking sessions [6]. They often chose a Delta E equal to two
or three for observable differences in certain tones in these prints. Because
there was a very good correlation between Delta E and line width change in
this study, there was no need to use both measures to determine the
condition that produced this change in the targets.

Analysis of the data from the initial set of twelve temperature and
humidity conditions indicated that the behavior of the inkjet dye
printer/paper combinations to these conditions were quite variable. A
summary of these results is provided in Table 2. The detailed behavior of
each of the printer/paper combinations is provided in Tables 3-7.

One print (Sample 7, Table 6) showed significant bleed even at one
day at 80% RH/25°C. This was the printer/paper combination with non-RC
photo paper technology printed with the hybrid printer. Also it was the only
print that exceeded the Delta E criteria at all treatment times and at all three
temperatures at 80% RH and at 21 and 28 day treatment times at 70% RH
at 25°C.

It is also interesting to note that in general more prints exceeded the
Delta E limit at 25°C than at 35°C, probably due to the higher moisture
content at the lower temperature. Because the critical bleed point for some
of the prints occurred between 70% RH and 80% RH, samples were tested
at 75% RH. Only two prints (Samples 3 and 7) reached a Delta E of three at
75%RH. Also, the most sensitive print (Sample 7) was tested at 65% RH at
25°C because a Delta E of at least three was obtained at 70% RH at 25°C
but not at 60% RH. This sample did not reach a Delta E of three at
65%RH/25°C.

Figure 2: An enlarged view of the checkerboard patch that consistently
produced the largest Delta E.
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Table 2: The total number of inkjet dye prints (in bold print) producing a Delta E of at least three at each of these conditions.
Note: Only the most sensitive inkjet dye print (Sample 7) was tested at 65%RH.

1 day 2 days 4 days 7 days 14 days 21 days 28 days
90%RH/15°C 1 1 2 2 3 4 4
90%RH/25°C 4 5 5 8 9 9 9
90%RH/35°C 4 6 6 6 7 7 8
80%RH/15°C 1 1 1 1 3 4 4
80%RH/25°C 1 1 1 2 3 3 3
80%RH/35°C 1 1 1 2 2 2 2
75%RH/15°C 0 0 0 0 0 0 0
75%RH/25°C 0 0 0 1 2 2 2
70%RH/15°C 0 0 0 0 0 0 0
70%RH/25°C 0 0 0 0 0 1 1
70%RH/35°C 0 0 0 0 0 0 0
[ 65%RH/25°C 0 0 0 0 0 0 0 |
60%RH/15°C 0 0 0 0 0 0 0
60%RH/25°C 0 0 0 0 0 0 0
60%RH/35°C 0 0 0 0 0 0 0

Table 3: Delta E of Samples 1 and 2 after the tested conditions. Delta E equal to or greater than 3 are in bold print.

Sample No. 1 - Dye Photo Printer 1/Microporous Paper 1 Sample No. 2 - Dye Photo Printer 2/Microporous Paper 2
1 day 2days 4days 7 days 14 days 21 days 28 days 1 day 2days 4days 7days 14 days 21 days 28 days
90%RH/15°C 0 0 1 1 2 90%RH/15°C 0 1 1 2 5 7 6
90%RH/25°C 1 2 3 3 4 5 6 90%RH/25°C 4 5 6 7 8 9 10
90%RH/35°C 2 3 3 4 5 6 7 90%RH/35°C 4 6 8 8 11 12 13
80%RH/15°C 0 1 1 1 2 2 2 80%RH/15°C 0 1 1 2 5 7 6
80%RH/25°C 1 1 2 2 3 2 2 80%RH/25°C 1 1 2 2 3 3 3
80%RH/35°C 0 1 0 1 1 1 1 80%RH/35°C 1 1 1 2 2 2 2
75%RH/15°C 0 0 0 0 1 1 1 75%RH/15°C 1 0 1 0 1 1 0
75%RH/25°C 1 1 1 0 0 1 0 75%RH/25°C 1 0 0 1 1 0 0
70%RH/15°C 0 0 0 0 0 0 0 70%RH/15°C 0 0 0 0 0 0 0
70%RH/25°C 0 0 1 1 0 0 1 70%RH/25°C 1 1 0 0 1 0 0
70%RH/35°C 0 1 1 1 1 0 1 70%RH/35°C 1 1 1 0 0 1 1
60%RH/15°C 0 0 1 0 0 0 1 60%RH/15°C 1 0 1 0 0 0 1
60%RH/25°C 1 0 0 1 0 1 1 60%RH/25°C 1 0 0 1 0 1 1
60%RH/35°C 0 0 1 1 0 1 1 60%RH/35°C 0 0 1 1 0 1 1

Table 4: Delta E of Samples 3 and 4 after the tested conditions. Delta E equal to or greater than 3 are in bold print.

Sample No. 3 - Dye Photo Paper 3/Polymer Paper 1 Sample No. 4 - Dye Photo Printer 1/Polymer Paper 2
1 day 2days 4days 7days 14days 21 days 28 days 1 day 2days 4days 7days 14days 21 days 28 days
90%RH/15°C 1 2 3 3 4 5 6 90%RH/15°C 1 1 1 1 1 1 2
90%RH/25°C 6 8 11 14 18 19 21 90%RH/25°C 8 12 16 20 24 25 27
90%RH/35°C 6 7 10 13 17 18 21 90%RH/35°C 9 13 19 22 24 26 27
80%RH/15°C 1 2 2 3 5 6 7 80%RH/15°C 1 1 1 1 2 4 5
80%RH/25°C 2 2 3 4 4 5 5 80%RH/25°C 1 1 1 2 2 2 2
80%RH/35°C 1 2 2 3 4 5 6 80%RH/35°C 1 1 1 1 1 2 1
75%RH/15°C 0 0 1 1 1 1 2 75%RH/15°C 0 0 0 0 0 0 0
75%RH/25°C 1 1 1 2 3 3 4 75%RH/25°C 0 1 0 1 1 1 1
70%RH/15°C 0 0 0 0 0 0 0 70%RH/15°C 0 0 0 0 0 0 0
70%RH/25°C 1 1 1 1 2 2 2 70%RH/25°C 1 0 1 1 0 1 1
70%RH/35°C 1 2 1 1 2 2 2 70%RH/35°C 1 1 1 0 1 1 1
60%RH/15°C 0 0 1 0 0 0 1 60%RH/15°C 0 0 1 0 0 0 1
60%RH/25°C 1 0 0 1 0 1 1 60%RH/25°C 1 0 0 1 0 1 1
60%RH/35°C 0 0 1 1 0 1 1 60%RH/35°C 0 0 1 1 0 1 1
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Table 5: Delta E of Samples 5 and 6 after the tested conditions. Delta E equal to or greater than 3 are in bold print.

Sample No. 5 - Dye Photo Paper 3/Plain Paper 1 Sample No. 6 - Dye Photo Paper 3/Plain Paper 2
1 day 2days 4days 7days 14 days 21 days 28 days 1 day 2days 4days 7days 14 days 21 days 28 days
90%RH/15°C 0 1 1 1 1 1 1 90%RH/15°C 0 1 1 1 1 1 1
90%RH/25°C 1 1 2 3 3 3 3 90%RH/25°C 1 1 2 2 3 3 3
90%RH/35°C 1 1 1 2 3 2 3 90%RH/35°C 1 1 1 2 2 3 3
80%RH/15°C 0 0 1 0 1 1 1 80%RH/15°C 0 0 0 0 1 1 1
80%RH/25°C 1 1 1 1 1 1 1 80%RH/25°C 1 1 1 1 1 1 1
80%RH/35°C 1 0 0 1 1 1 1 80%RH/35°C 0 1 1 1 0 1 1
75%RH/15°C 0 0 0 0 1 0 1 75%RH/15°C 1 0 0 0 0 0 1
75%RH/25°C 0 1 0 0 1 0 1 75%RH/25°C 0 0 1 0 1 0 1
70%RH/15°C 0 0 0 0 0 0 0 70%RH/15°C 0 0 0 0 0 0 0
70%RH/25°C 0 1 0 0 0 0 0 70%RH/25°C 1 0 1 0 0 1 1
70%RH/35°C 1 1 0 0 0 1 0 70%RH/35°C 0 1 0 0 0 0 1
60%RH/15°C 1 0 1 0 0 0 1 60%RH/15°C 1 0 1 0 0 0 1
60%RH/25°C 1 0 0 1 0 1 1 60%RH/25°C 1 0 0 1 0 1 1
60%RH/35°C 0 0 1 1 0 1 1 60%RH/35°C 0 0 1 1 0 1 1

Table 6: Delta E of Samples 7 and 8 after the tested conditions. Delta E equal to or greater than 3 are in bold print.

Sample No. 7 - Dye CMY, Pigment K Printer/Non-RC Photo Paper Technology Sample No. 8 - Dye Photo Printer 1/Fine Art - Matte Paper
1 day 2days 4days 7days 14 days 21 days 28 days 1 day 2days 4days 7days 14 days 21 days 28 days
90%RH/15°C 9 12 17 21 28 29 28 90%RH/15°C 0 1 1 1 1 2 1
90%RH/25°C 27 28 27 27 26 26 25 90%RH/25°C 2 2 3 3 4 6 8
90%RH/35°C 22 25 27 28 28 28 28 90%RH/35°C 2 3 4 4 5 6 6
80%RH/15°C 6 9 18 9 23 30 28 80%RH/15°C 1 1 1 1 1 2 2
80%RH/25°C 9 9 12 14 16 17 18 80%RH/25°C 1 1 1 2 1 2 2
80%RH/35°C 3 5 5 6 7 10 11 80%RH/35°C 0 0 1 1 1 1 2
75%RH/15°C 0 1 1 1 2 2 2 75%RH/15°C 0 1 1 1 0 0 1
75%RH/25°C 0 0 1 3 3 3 3 75%RH/25°C 0 0 1 0 0 1 0
70%RH/15°C 0 0 0 0 0 0 0 70%RH/15°C 0 0 0 0 0 0 0
70%RH/25°C 1 2 1 2 2 4 3 70%RH/25°C 0 1 1 1 1 1 0
70%RH/35°C 1 1 1 0 1 1 1 70%RH/35°C 1 1 1 1 1 0 1
65%RH/25°C 0 1 1 0 1 1 1 ‘ 60%RH/15°C 0 0 1 0 0 0 1
60%RH/25°C 1 0 0 1 0 1 1
60%RH/15°C 0 0 1 0 0 0 1 60%RH/35°C 0 0 1 1 0 1 1
60%RH/25°C 1 0 0 1 0 1 1
60%RH/35°C 0 0 1 1 0 1 1

Table 7: Delta E of Samples 9 and P after the tested conditions. Delta E equal to or greater than 3 are in bold print.

Sample No. 9 - Dye Photo Printer 2/Fine Art - Glossy Paper Sample No. P - Pigment Photo Printer/Microporous Paper 2
1 day 2days 4days 7days 14 days 21 days 28 days 1 day 2days 4days 7days 14 days 21 days 28 days
90%RH/15°C 1 1 1 1 1 1 1 90%RH/15°C 0 0 1 0 0 0 1
90%RH/25°C 1 1 2 3 4 4 5 90%RH/25°C 1 0 1 0 1 1 1
90%RH/35°C 1 1 1 1 1 1 1 90%RH/35°C 1 1 1 1 1 1 0
80%RH/15°C 1 1 1 1 1 1 1 80%RH/15°C 0 1 0 1 1 0 0
80%RH/25°C 1 1 1 1 1 1 1 80%RH/25°C 1 0 0 1 1 1 0
80%RH/35°C 0 1 0 1 1 1 1 80%RH/35°C 0 0 1 1 1 1 1
75%RH/15°C 1 1 1 1 0 1 2 75%RH/15°C 0 0 0 0 0 0 0
75%RH/25°C 0 1 1 1 1 1 1 75%RH/25°C 1 0 0 0 0 1 1
70%RH/15°C 0 0 0 0 0 0 0 70%RH/15°C 0 0 0 0 0 0 0
70%RH/25°C 1 1 1 1 1 1 1 70%RH/25°C 1 0 0 1 0 1 1
70%RH/35°C 0 0 1 0 0 1 0 70%RH/35°C 0 0 1 1 0 1 1
60%RH/15°C 1 0 1 0 0 0 1 60%RH/15°C 0 0 1 0 0 0 1
60%RH/25°C 1 0 0 1 0 1 1 60%RH/25°C 1 0 0 1 0 1 1
60%RH/35°C 0 0 1 1 0 1 1 60%RH/35°C 0 0 1 1 0 1 1
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Conclusions and Recommendations

While the analysis of the data from the humidity limits study
indicated that the behavior of the inkjet dye printer/paper combinations to
the various treatment conditions were quite variable, it is possible to
provide specific humidity damage prevention guidelines for the wide
variety of inkjet print technologies that may be present in collections of
these materials in cultural heritage institutions. It is safe to say that inkjet
prints, even the most sensitive ones, are relatively safe from significant
humidity bleed if kept at 65% RH or less for no longer than four weeks
time at temperatures between 15°C and 35°C. However the safe period will
dramatically shorten as the RH increases.

It is also interesting to note that for one print (Sample 7) the 80% RH
condition at 15°C and 25°C produced greater changes than at 35°C, and in
general, more prints produced a Delta E of at least three at 25°C than at
35°C indicating that a major driving force is probably the moisture content
of the paper which would be greater at lower temperatures. But because
there was so much variation in the behavior of the various inkjet dye prints
to humidity it is clear that factors other than moisture content, such as
paper formulation or physical structure, probably play a major role in the
degree of bleed produced in these papers.

The most sensitive inkjet print in this study did not produce a Delta E
of three even after four weeks at 25°C/65% RH. Because the longest period
of treatment under the study conditions was four weeks, it is not known
how these prints would behave if subjected to treatment for longer periods
of time. Although the sample size was limited, it appears the inkjet dye
prints on plain copy paper are relatively insensitive to humidity bleed and
prints on fine art paper fare better than prints on photo paper. Results with
the microporous and polymer (swellable) photo papers in this study
indicated that microporous paper is somewhat better than polymer paper,
but the sample size for this comparison was quite limited. As expected, the
pigment print did not show a tendency to bleed at any of the conditions
through four weeks.
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