JOURNAL OF IMAGING SCIENCE AND TECHNOLOGY ¢ Volume 43, Number 6, November/December 1999
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Silver behenate is used in thermographic materials as the image silver reservoir. To obtain an imaging material with optimal
sensitometric and physical properties, it is important to obtain fundamental insight into and basic knowledge of silver behenate.
A method for determining the relative crystallinity has been developed based on powder x-ray diffraction (XRD). In addition, the
thermal behavior of silver behenate crystals has been studied using XRD. The image silver crystal size, silver behenate crystal-
linity and phase transitions were determined at different temperatures.
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Introduction

In order to understand the mechanism and optimize the
performance of thermographic and photothermographic
materials it is important to get some insight in the com-
ponents of the materials. Silver behenate is one of the
organic silver salts used in thermographic and photo-
thermographic materials as a silver reservoir for image
formation.3 With x-ray diffraction analysis it is pos-
sible to determine the crystal structure of silver
behenate and variations thereof.*® The presence of
phase transitions during temperature treatment, the
crystallinity and the incorporation of elements and spe-
cies can be determined by XRD.”# The crystal sizes of
the metallic silver forming during and after the devel-
opment reaction are also quantified.

Experimental

X-ray diffractometers from Siemens (D500) and Philips
(X’PERT-MPD) were used in this study. A CuKa (0.1542
nm) x-ray tube at 30 mA current and 40keV energy us-
ing different apertures, detector diaphragms, step sizes
(0.050°-0.018°) and acquisition times per step (1-10s),
depending on the application, were utilized. The samples
were spun during the measurement. The spinning time
was changed according to the step size used. The XRD
measurements were all performed directly on coated film
material.® For the quantitative analysis, the influence
of silver behenate coating thickness was eliminated by
normalizing using the Ag concentration as measured by
x-ray fluorescence. The influence of other factors was
minimal and does not affect the XRD analysis.

Original manuscript received April 5, 1999

© 1999, IS&T—The Society for Imaging Science and Technology

TEM measurements were obtained on a Philips
CM200 instrument, at 120kV accelerating voltage.

Results and Discussion

Silver behenate can differ in size, morphology and shape
depending on the synthesis conditions, as can be seen
in Fig. 1. The morphology can vary from an elongated
spiral form more than 10pm long to flat microcrystals
of only 1 um or less.

Crystallinity of Silver Behenate. Another property of
silver behenate is its crystallinity which can also be var-
ied by varying its synthesis conditions.? X-ray diffraction
analysis offers the possibility of determining the crystal-
linity quantitatively.

Differences in crystallinity were observed in XRD
spectra as changes in the overall intensity of all silver
behenate diffraction peaks (Fig. 2). A method was de-
veloped to determine the relative crystallinity directly
in the film material.’

Method Development

Using six diffraction peaks of silver behenate, those at
20 = 6.01°, 7.56°, 9.12°, 10.66° and 12.12°, the integral
peak height of these six diffraction peaks, K was calcu-
lated. This value was corrected for instrument depen-
dence by normalizing with the integral peak height of a
NIST standard 1976 Al,O, (JCPDS 42-1468) at 26 =
25.60°, 35.16° and 43.40°. K, is thus calculated as K, =
Y I, with I the peak height at the corresponding posi-
tions j = (012), (104), (113).

The intensity of diffraction peaks is not only depen-
dent on the crystallinity of the material, but also on
the amount of material present. In order to eliminate
dependence upon the amount of Ag in the material, the
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Figure 1. Secondary electron images of silver behenate at a magnification of 5000x.

12000 Figure 2. X-ray diffraction spectral of dif-
ferent types of silver behante. The overall
x-ray intensity is much smaller for type 1
10000 + —1 crystals, corresponding to the silver
—2 behenate in Fig. 1a.
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Figure 4. XRD spectra of a pow-
der and a dispersion of silver
behenate: small distances are
lost and the overall crystallin-
ity is decreased.
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ratio K/K, is divided by the silver concentration C,,, so
that a relative crystallinity V, can be obtained where
V., =K/(K, * C,,). The Ag concentration was measured
with wavelength dispersive x-ray fluorescence and is
expressed in g/m? The Ag concentration can be mea-
sured with a precision of 0.2%. Orientation of the crys-
tals can also influence the overall crystallinity.
Spinning removes the variability of in-plane orienta-
tion, therefore the samples are spun during measure-
ment in order to obtain the mean orientation. However,
the difference in orientations of in-plane versus out-
of-plane has not been corrected for. By carefully exam-
ining the overall XRD spectrum, it was seen that all
the diffraction peaks were changed equally. Different
commercially available samples were analyzed and
compared. By making sections of the different film
materials and observing the orientation of the indi-
vidual silver behenate crystals, with electron micros-
copy, it was concluded that no effect of the difference
in orientation of in-plane versus out-of-plane was ob-
served. The effect of the in-plane orientation was ob-
served only if no spinning was used. The precision of
the measurement of the relative crystallinity by this
technique, V, is 6.5% at the 95% confidence level.

Examples of Crystallinity Measured on Film
Material

The crystallinity of silver behenate is influenced by
its synthesis conditions, how it is dispersed and coated
and by other components within the coating composi-
tion. Figure 3 gives an idea of the variations observed
in the relative crystallinity obtained over a large collec-
tion of silver behenate samples. Differences in XRD dif-
fraction peak ratios are also found when powders are
compared with dispersions. The observed pattern is dra-
matically affected and it can be seen that the small dis-
tances are lost once the powder is dispersed and coated
(Fig. 4). Orientation can influence these intensity ra-
tios, although when a dispersion is dried as a droplet

with an intended drastic difference in the orientation
of the crystals, the same effects were observed. There-
fore, only crystallinities of coated materials were com-
pared. For coated materials the relative crystallinity has
been found to vary between 0.3 and 7 m?%g.

When silver halide is present in photothermographic
material, the crystal structure and crystallinity of the
silver behenate can be influenced. Figure 5 shows an
example of the effect of iodide conversion growth on the
silver behenate crystallinity. If an iodide conversion
growth is performed, the crystallinity is increased, re-
gardless of the synthesis conditions used for the silver
behenate. Adding AgBr, after the iodide conversion
growth, results first in an increase in the relative AgBr
(100) peak intensity. Additional AgBr results in a re-
duced AgBr (100) peak intensity and a decrease of the
Agl x-ray diffraction peaks. At the same time a shift of
the AgBr (100) peak is observed. Addition of AgBr re-
sulted in Ag(Br,I) crystal formation (Fig. 6).

Metallic Silver Crystal Size. The mean silver crystal
size can be determined from the XRD spectra of ther-
mally processed material, due to the fact that there is
an inverse relationship between the crystal size and the
diffraction peak broadening for crystals of 1 up to at
least 100 nm.

Method Development

The mean silver size of crystallites can be determined
using the well known Scherrer formula.'®

D = KN[cosB(B-B,)]

where D is the crystallite size (nm), K, a form factor (no
dimension), A, the wavelength of the incident x-rays
(CuKa =0.1542 nm), B, the full width at half maximum
of the diffraction peak (in rad), B, the full width at half
maximum originating from the instrument and 6 is the
peak position (in rad).
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Figure 5. Effect of iodide conversion
growth on the relative crystallinity.
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Figure 6. The effect of adding AgBr to a
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tion peaks of the (100) phases of Agl and
AgBr are provided.

m AgBr intensity
Agl intenisity

0 5 10 15
Concentration AgBr (mol%)

0 = 0.3329 rad was used for the determining the sil-
ver crystallite size (Fig. 7). The broadening caused by
the instrument was corrected for by measuring a 111-
crystal of AgBr. The peak broadening due to the in-
strument was 0.12°. The crystal size can be measured
perpendicular to a certain plane or the mean crystal
size is determined by calculating the size for all planes.
It was found using transmission electron microscopy
that the silver crystallites were generally more or less
spherical. For spherical crystallites, the mean crystal
size therefore equals the size perpendicular towards
any given plane. A form factor of 0.95 was used for the
mean size. If the crystallite form was not known in
advance, a form factor of 0.90 was used for the size
determination perpendicular to the (111) face. The
choice of the form factor was based upon the results
known on crystals for which the shape was not known
in advance.!?

The mean dimensions of the silver crystallites, per-
pendicular to the (111) face, were reproducible within
3%. The accuracy was checked with transmission elec-
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tron microscope images. The measured size in the TEM
images for single crystals was in good agreement with
that found using XRD spectra.

Examples of Metallic Silver Size Determination in
Processed Thermo- and Photothermographic Ma-
terials. The mean Ag crystallite size was found to vary
over a very small range, between 4 and 20 nm.
Photothermographic materials form larger Ag crystal
sizes: between 14 to 20nm.31112 The size of the Ag crys-
tallites in thermally processed materials were found to
depend upon the processing conditions, the presence of a
coating layer and the coating composition. Figure 8 evalu-
ates the dimension of Ag crystallites determined in a large
collection of different processed materials. Processing con-
ditions such as time and temperature can change the Ag
crystal size depending on the type of silver behenate used.
Figure 9 shows the effect of adding a coating layer. When
a topcoat is present on top of the emulsion layer the sil-
ver crystal size is observed to be affected. Also the method
of coating the material can influence the metallic silver
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Figure 8. Examples of measured
silver crystallite sizes.

Effect of topcoat on the silver crys-

tallite size in an imaging film construction.
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Figure 10. Secondary electron image of
silver behenate heated up to 150°C at a
magnification of 10,000x.
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Figure 11. The behavior of the silver
behenate during in situ temperature ex-
periments at 20°C, 80°C, 100°C and 120°C.
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crystallite size. The mean crystal size of 4 to 20nm can-
not explain the image performance. It was found that
not only the size of the crystals is important for the im-
age performance but also their spatial distribution.

Thermal Behavior of Silver Behenate

Ex situ experiments were carried out on silver behenate
containing layers. The samples of film material were
heated to 100°C, 120°C, 150°C and 200°C and then cooled.
XRD measurements were performed at room tempera-
ture. The silver behenate is stable up to 120°C. Neither
loss of crystallinity nor decomposition was observable.
Treatment at higher temperatures resulted in a decrease
in silver behenate diffraction peak intensity. At 200°C,
silver and behenic acid were present. The morphology
also changes drastically above 150°C (Fig. 10).

The XRD of silver behenate was also investigated in
situ during temperature treatment. The material was
heated at 20°C, 80°C, 100°C, 120°C, 130°C, 140°C,
150°C and 200°C during which the XRD spectra were
recorded using a position sensitive detector. Up to
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100°C, the silver behenate was stable. At higher tem-
peratures a new phase becomes visible in the XRD spec-
tra and there is a loss of crystallinity of the silver
behenate (Fig. 11). Neither metallic silver nor behenic
acid was detected. At 120 and 130°C the new phase of
silver behenate becomes dominant and the original
crystal structure disappears (Fig. 12).8 At 140°C only
amorphous silver behenate was present. This is visu-
alized in a scanning electron microscope as a melting
phase (Fig. 10). Up to 150°C neither metallic silver nor
behenic acid could be detected.

When coated material is heated for several minutes,
a loss of crystallinity can also be detected at 100°C af-
ter 90 min. The crystallinity, V,, as defined above, some-
times decreased by more than half (Fig. 13).

Conclusions

With X-ray diffraction it is possible to characterize
quantitatively the crystallinity of the silver behenate
and to determine the size of the metallic silver crystal
present in the processed film materials. Silver behenate
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Figure 12. The behavior of the sil-
ver behenate during in situ tempera-
ture experiments at 120°C, 130°C,
140°C, and 150°C.
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crystallinity was found to range from 0.3 to 7Tm?g. In
addition, the thermal behavior of the silver behenate
can also be characterized. Under temperature treat-
ment the silver behenate can be observed to undergo
several transitions. /&
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