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In-situ time-lapse synchrotron radiation X-ray
diffraction of silver corrosion
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Thompson’, Annemie Adriaens” and Manfred Schreiner”

Several heritage systems have been studied using state-of-the-art synchrotron techniques. The
cultural heritage value of silver is documented in museum collections across the globe.
However, the silver surface is not as chemically stable as that of other precious metals, and is
susceptible to corrosion by atmospheric gases. It is therefore of special interest to clarify these
surface reactions by using in-situ, time-lapse chemical and structural analysis in controlled
ambients in order to develop strategies to reduce or even prevent the atmospheric attacks. In
order to study the initial corrosion processes of silver in the presence of corrosive gases in-situ
time-lapse X-ray diffraction experiments were performed on the XMaS beamline at the
European Synchrotron Radiation Facility, Grenoble. Highly pure silver samples were
weathered with synthetic air containing 500 ppb of both H,S and ozone, at relative humidity
(RH) levels, and XRD patterns were tracked every 10 min over a total weathering time of 24h.
The time-lapse Synchrotron Radiation (SR)-XRD data show that pure silver exposed to those
atmospheres starts to form crystalline corrosion products after only 10 minutes. Silver sulfates,
silver oxides, intermediates and mixed species are formed on the sample surface over the
duration of the experiment. The data collected using a newly combined environmental cell/gas
flow set up introduces a set of highly useful tools for scientists who wish to study time-lapse

gaseous corrosion at ambient temperature and pressure.

1. Introduction

Silver and its alloys have been an important part of human
technology and art for between 8 and 10 millennia. The metal
has had a profound influence on the evolution of human
societies. It was venerated in ancient Egypt and valued above
gold; it has been used in medicine for its antibacterial properties
since at least the 8th Century; it has been used in coins for
nearly 3 millennia, and forms a significant part of our cultural
heritage in statues, ornaments, jewellery, high-value utensils,
currency coins and silverware. Today, silver is extensively used
in electronics and electronic devices, metallurgy, sensors,
optical devices and artworks. Unfortunately, the chemical
stability of silver and its alloys is not as high as of gold, and in
storage, operation or display the function as well as the beauty
of silver artefacts can be affected or even destroyed by the
interaction of their surfaces with the ambient. Conventional
atmospheric parameters that affect silver comprise weathering
factors (temperature, moisture, radiation, wind velocity etc.), air
pollutants (H,S, SO,, CO,, NO, etc.) and aerosols'”’. The
degradation caused by an increasing concentration of corrosive
gases such as H,S, SO,, CO, and O; of anthropogenic origin
and mainly present in urban environment atmospheres is a

This journal is © The Royal Society of Chemistry 2013

major challenge to the survival of art objects and other artefacts
in museums, private collections or archaeological findings" > *
5815 A fundamental understanding of the chemistry occurring
on the surfaces is needed in order to be able to control material
degradation. As the first hours to days of a cleaned/fresh metal
surface exposed to certain atmospheres decide the main
corrosion process which then proceeds at different corrosion
rates for years it is especially interesting to study those early
stages of atmospheric corrosion" > '® ' This highlights the
need to study the reactions occurring in-situ in a controlled
environment using time-lapse methods in order to develop
strategies to reduce or prevent atmospheric corrosion'™ 820,

In the field of heritage science the main cause of silver
tarnishing was always attributed to sulphur containing
pollutants such as H,S and SO,. Especially in indoor
environments the main crystalline corrosion product found on
silver is Ag,S" % This is the reason why the interaction of silver
with H,S and SO, has been studied extensively, focusing on
long term ex situ as well as some in-situ investigations. These
conclude that silver seems to be most susceptible to H,S in
comparison to other inorganic corrosive gases' 2 % 3 10- 12, 13.21-
%5 Less attention has been given to the influence of ozone on
heritage silver corrosion, especially in combination with other
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corrosive gases. Silver oxidation by ozone has been studied due
to its importance in other fields of research, and it was shown
that effects can be significant” > '* '> 2628 ' Furthermore, it was
shown that the presence of ozone in a H,S, SO, or CO,
increases silver corrosion rates

containing atmosphere

tremendously” * 5 28

, although the exact reaction mechanisms
have not been identified. Another important issue related to
atmospheric corrosion is moisture. It has been shown that the
corrosion rate on metals increases with increasing relative

humidity (RH) in the surrounding atmosphere'- !> 172932,

In this study a new set-up consisting of a customized eCell** **
and a gas mixing unit' is presented to investigate in-situ the
early stages of crystalline silver corrosion by time-lapse SR-
XRD. First experiments have been performed by exposing
highly pure silver to varying levels of RH, H,S and O; in
controlled atmospheres in order to see the early stages of
crystalline corrosion product formation. The current study not
only highlights some important facts related to the early stages
of silver tarnishing but also shows the applicability of a new
combined set-up for SR-XRD to study surface corrosion
processes of metals in ambient atmosphere.

2. Experimental

2.1 Silver samples

For the experiments highly pure (99.9985%, Alfa Aesar®,
USA) silver square coupons (25 x 25 mm?, 2.0 mm thickness)
were used. Before starting the weathering experiments the
silver coupons were freshly abraded using SiC-paper with grits
up to 4000 mesh, and surface finished by polishing with
diamond paste (1 pm, Struers®, USA). The chosen polishing
procedure gives uniform, reproducible surfaces. To remove
remnants from the abrading and polishing procedure the
samples were finally washed with 2-propanol in an ultrasonic
bath for 10 min.

2.2 Gas mixing unit and environmental cell (eCell)

The gas mixing unit'> used provides pure synthetic air which
can be mixed with any RH content and corrosive gas. The gas
concentrations and gas flow rate were controlled by high
precision flowmeters (KROHNE®™, Germany). The ozone was
generated by an Ozonisator (Model Airmaster OMX 500,
Topchem GmbH, Germany) and the gas concentration in the
gas stream was monitored by gas sensors (Model AQL S500,
Aeroqual Limited, New Zealand).

The environmental cell (eCell) is a unit which was created for
in-situ XRD, XAS and XEOL measurements on a synchrotron
beamline®® and was already successfully applied to investigate

chemical/electrochemical reactions in liquid environments®* **-

35
The gas mixing equipment and the eCell were combined for the
very first time to perform in-situ and time resolved XRD
measurements to observe crystalline surface changes on silver
when exposed to corrosive gaseous atmospheres.

2| J. Name., 2012, 00, 1-3

2.3 Synchrotron X-ray diffraction measurements

The in-situ SR-XRD measurements were performed at XMaS
(beam line BM28, European Synchrotron Radiation Facility,
Grenoble, France). X-rays at a wavelength of 0.15498 nm are
directed to the sample surface at an angle of incidence of 10°
with an estimated footprint of 1 mm x 200 pum. For the
recording of 2D diffraction patterns a Mar CCD 165 detector
(Mar USA, Inc., USA) was used. The acquisition time per
image was 20 s. The axis of the CCD camera was oriented 45°
to the incident X-ray beam. Data processing and treatment was
done using esaProject 2013 software®>. All data obtained were
normalized to the beam monitor to compensate the beam decay.
XRD patterns are given as intensity/counts vs. wave number Q
where Q=2n/d and d is the d-spacing). Q provides a
wavelength-independent scale without the non-linearity of d-
scale plotting. Identification of the silver corrosion products
was done by comparing the XRD patterns with the JCPDS
(Joint Committee on Powder Diffraction Standard Data)
database (table 1), measured reference powders (Ag,0, AgO,
Ag,S, Ag,S0,, Alfa Aesar®, USA) of silver corrosion products

and literature®® 273641,

Table 1: JCPDS References used to identify the formed corrosion products.

Compound Crystal structure JCPDS References
Ag cubic 01-071-3762/01-089-3722
Ag,0 cubic 00-041-1104/03-065-6811

AgO monoclinic 00-051-0945/01-080-

1269/00-043-1038
Ag0; orthorhombic 01-077-1289/00-040-0909
Ag;04 monoclinic 01-084-1261/03-065-9750
Ag,S cubic/ monoclinic 01-071-0996/01-075-1061
AgS0; monoclinic 01-070-1910/00-023-0644
Ag,SO, orthorhombic/hexagonal 00-027-1403/00-040-1471

2.4 In-situ weathering experiments

The highly pure silver coupons were mounted in the eCell and
subsequently exposed to different weathering atmospheres
containing synthetic air containing 500 ppb O; and/or H,S (500
ppb and 10 ppm) at 50% and 90% RH. The samples were
weathered for periods of 12-24 h under ambient pressure and
room temperature. During the weathering of the silver coupons
in the eCell, SR-XRD patterns were recorded every 10 min.

3. Results and discussion

3.1 Silver exposed to Ozone and RH

A highly pure silver coupon was exposed for 24 h to a gaseous
environment containing dry synthetic air, 500 ppb O; and 50%
RH. SR-XRD diffractograms were recorded every 10 min to
observe the growth of crystalline corrosion products on the
silver surfaces. Figure 1 presents 3 diffractograms obtained
after 0, 12, and 24 h of weathering. The diffractogram at time
Oh represents the unweathered sample showing the four
characteristic reflections of pure polycrystalline silver (Ag 111,
Ag 200, Ag 220, and Ag 311) indicated by the symbol * in
Figure 1.

This journal is © The Royal Society of Chemistry 2012
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Oh * 12h

Fig.1 Raw SR-XRD images of a silver coupon exposed to
synthetic air containing 500 ppb O; and 50% RH obtained after
0, 12, and 24 h of weathering.

Silver reflections are denoted by a *.

Over time additional reflections of silver corrosion products
appear which are also visible in Figure 1. These new rings are
diffuse and uniform indicating the growth of a polycrystalline
layer with no preferred orientation. For better data
representation, 1-D patterns were extracted from all 144
diffractograms obtained during weathering and collected in one
plot to facilitate detailed comparison. In Figure 2 the time-lapse
SR-XRD patterns plotted every 60 min (front to back) are

shown.

normalized intensity [a. u.]

Fig.2 Waterfall plot of reprojected and normalized SR-XRD
diffractograms of a silver coupon exposed to synthetic air
containing 500 ppb O3 and 50% RH for 24 h (60 min steps
front to back). Pyramid labels indicate crystalline silver oxide
species. The wave-like features at low wavenumbers are
artifacts due to the geometric set-up.

The first detectable crystalline corrosion products on silver
exposed to RH and O; are already visible as tiny reflections in
Figure 2 after 3 h of weathering. These reflections could be
attributed to cubic Ag,O surface species. Further two new
reflections appear after 4 h of weathering related to AgO
(Ag'Ag"MO, or Ag,0.Ag,05) corrosion products™ ** . After
10 h of weathering single reflections start to split and further
grow over time. This splitting is an indication of re-
crystallization. Additionally, new reflections start to grow at
this point of time - identified as mainly AgO, Ag,O;, and

42, 44-47

Ag;0, crystalline species®™ Furthermore, four

reflections at low wavenumbers are visible which could not be

This journal is © The Royal Society of Chemistry 2012
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identified. As those reflections also start to appear at the same
time as the silver oxide crystalline species reflections it may be
concluded that they are also related to silver oxides. Between
10 and 24 h the already visible reflections increase over time
but no additional reflections appear until the end of the
experiment. These results are a major hint that after 10 h of
weathering the surface reactions occurring obviously change,
leading to a change of crystalline structure of the silver
corrosion products and therefore also indicating a
transformation to different chemical surface species.

Figure 3 shows the integrated area of relevant reflections
(calculated between two fixed wavenumbers for each reflection
and baseline subtracted) related to the crystalline corrosion
products (denoted as AgCorr) plotted against the combined
reflection area of the pure silver reflections (denoted as Ag).
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@ ]
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| , 15
1000 10 @
AgCorr
0 =——— 0

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [h]

Fig.3 Reflection areas of SR-XRD patterns for silver (sum of
the 4 Ag reflections labelled as Ag) and silver corrosion
products (sum of all other reflections labelled as AgCorr) were
calculated.

The functions have opposite trends which arise because the
silver is being covered by the corrosion and its reflected
intensity is absorbed in the superficial layer. The formation of
the first crystalline corrosion products can already be observed
after 2 h of weathering from the AgCorr line. This is also
indicated by a nearly exponential growth of the AgCorr
function for the weathering period in between 2 to 6 hours
which changes afterwards to a linear behaviour. At the same
time the Ag curve shows a more linear decline from the
beginning. In both curves a change in slope is visible after 10h
of weathering indicating a change of the corrosion rate.
Between 10 and 12 h of weathering the corrosion proceeds
linearly and more slowly, as shown by the flat gradients of the
AgCorr and Ag curves. After 12 h of weathering the corrosion
process proceeds linear and continuous until the end of the
experiment.

In a second experiment a highly pure silver coupon was

exposed to synthetic air, 500 ppb O; and an increased humidity
of 90% RH to elucidate the influence of relative humidity to the

J. Name., 2012, 00, 1-3 | 3
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oxidation of silver. SR-XRD diffractograms were taken again
every 10 min during weathering.

Figure 4 presents the time-lapse SR-XRD patterns plotted every
30 min. Besides the reflections for metallic polycrystalline
silver two broad reflections are immediately visible after
exposure (10min). The peak width here is indicative either of a
very thin layer, in comparison to the last example, or very small
crystallites which do not provide full coherent scattering, or the
presence of disordered/amorphous phases®’. As silver oxide has
partially amorphous character*® * a mixed amorphous-
crystalline silver oxide species can be suspected. The reflection
with a shoulder at low wavenumbers is attributed to Ag,O and
AgO species. The broad reflection at high wavenumbers
seemingly consists of two reflections also related to Ag,O and
AgO. After 10h of weathering a change in the recorded
reflection patterns is visible. The reflection with a shoulder at
low wavenumbers slightly broadens and is shifted to higher
wavenumbers which could be an indication for Ag;O,
formation. The broad reflections at high wavenumbers - which
consisted of two joined reflections during the first 10 h of
weathering - separate to four reflections indicating the
formation of Ag,03 and Ag;0, species.

normalized intensity [a. u.]

Fig.4 Waterfall plot of reprojected and normalized SR-XRD
diffractograms of a silver coupon exposed to synthetic air
containing 500 ppb O3 and 90% RH for 18 h (30 min steps).

Also for this set of data the observed reflections (Figure 4) of
the crystalline corrosion products and of pure silver were

integrated and plotted against each other as shown in Figure 5.
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Fig.5 Peak areas of SR-XRD patterns for silver (sum of the 4
Ag reflections labelled as Ag) and silver corrosion products
(sum of all other reflections labelled as AgCorr) were
calculated.

Figure 5 shows the relation of the pure Ag peak areas to the
sum of all other occurring peak areas. Again, we see inverse
behaviour. Looking at the curve of AgCorr (sum of peak areas
of corrosion products) the first crystalline corrosion products
form immediately and are already detectable after 10 min. This
fast corrosion process continues during the first hour. Between
1 and 10 h it proceeds linearly at a slower rate. In both curves a
gradient change is visible after 10 h of weathering indicating a
change of the corrosion process. Between 10 and 12 h the
corrosion proceeds linearly but twice as fast as the hours
before. From 12h on the crystalline corrosion product
formation slows down and proceeds linear and continuous until

the end of the experiment.

Summing up the results obtained from a pure silver sample
exposed to synthetic air and 500 ppb O3 with 50 and 90% RH
the following can be concluded. The sample exposed to 50%
RH atmosphere shows the first detectable crystalline corrosion
products after 3 h of weathering attributed to Ag,O formation.
With continuous exposure (4 h) the Ag,O species is obviously
oxidized to a AgO species which further increase with time. An
important change of corrosion process is happening after 10 h
of weathering governed by a change of crystalline structure and
the appearance of new silver oxide crystalline species (AgO,
Ag,0;, and Ag;0,). During this time (10-12 h) the growth rate
of corrosion products is nearly zero (Figure 3, AgCorr curve).
At the same time nearly no loss of base metal (Figure 3, Ag
curve) is observed. After this point of time (12 h) the corrosion
process proceeds linearly with no new crystalline species
formed.

The sample exposed to higher RH (90%) immediately forms
mixed amorphous-crystalline Ag,O and AgO upon exposure
(after 10 min). As already observed in the previous sample at
50% RH after 10 h of weathering a change of the corrosion
process is visible indicated by the appearance of Ag,O; and
Ag;0, species and the change of growth rate shown in Figure 5.
In this case it can be stated that at higher RH content (90%)
leads to a faster silver oxidation during the first hours and also
favours the formation of mixed amorphous-crystalline Ag,O
and AgO surface species. The reason for this faster reaction at
the beginning of the weathering might be an increased
formation rate of OH-radicals at 90% RH by O; in the surface
water film causing a subsequent accelerated silver oxide
formation on the sample surface 2% 3% 3! After this first fast
oxidation step the corrosion rate is decreased after 1 h and then
proceeds slowly until the end of the experiment. This is the
opposite for the sample in weathered in 50% RH where the
corrosion rate is slower in the first 4 h of weathering and then
sharply increases and proceeds at a high rate until the end of the
experiment. This different behaviour might be explained by the
formation of a dense oxide layer on the sample exposed to 90%
RH which acts as an active diffusion barrier for reactive species

This journal is © The Royal Society of Chemistry 2012
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(from the bulk to the surface and vice versa) thus leading to a
decreased long-term corrosion rate. On the other hand the oxide
film formed on the sample exposed to 50% RH allows a further
progression of the corrosion reactions.

Nevertheless, in both cases it could be shown that silver
exposed to synthetic air and RH is highly susceptible to
oxidize at already low concentrations of 500 ppb Oj; leading to
a darkened/blackened sample surface appearance on all samples
at the end of the weathering experiments.

3.2 Silver exposed to H,S and RH

As silver is known to be highly susceptible to H,S the
experiments as described above were performed similarly,
replacing O; by H,S. A highly pure silver coupon was exposed
to a gaseous environment containing synthetic air, 500 ppb H,S
and 50% RH. Again SR-XRD diffractograms were collected
every 10 min during weathering. Figure 6 shows extracted
patterns plotted every 30 min from front to back.

30.00 -

Ag 200

normalized intensity [a. u.]

Fig.6 Waterfall plot of reprojected and normalized SR-XRD
diffractograms of a silver coupon exposed to synthetic air
containing 500 ppb H,S and 50% RH for 18 h (30 min steps).

As shown in Figure 6 no obvious reflections are visible for the
whole weathering time besides the ones for metallic silver. All
patterns have been divided by the pattern for the sample at time
Oh (reference).

This journal is © The Royal Society of Chemistry 2012
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Fig.7 Reprojected SR-XRD diffractogram of a silver coupon
exposed to synthetic air containing 500 ppb H,S and 50% RH
for 18 h. The pattern shown was obtained by dividing the
pattern after 18 h by the pattern at time Oh (reference).

Figure 7 presents the pattern extracted from the diffractogram
obtained after 18h of weathering also divided by the
unweathered sample to better elucidate small changes occurring
over time. Besides the reflections for metallic polycrystalline
silver five small, broad reflections are visible which could be
attributed to Ag,SO; species. Those reflections are visible for
the first time after 160 min (not presented in the figure) of
weathering and grow very slowly until the end of the
experiment. Furthermore, the sample did not show any visible
signs of corrosion after the weathering process.

As these weathering conditions (synthetic air, 50% RH and 500
ppb H,S) hardly lead to any detectable corrosion products, both
the H,S concentration and the RH were increased subsequently

Therefore a new pure silver coupon was exposed to a 20 times
higher H,S concentration in 90% RH. Again SR-XRD
diffractograms were taken every 10 min to identify crystalline
corrosion product growth. Also wunder these aggressive
weathering conditions nearly no crystalline corrosion products
could be detected (not visible in the time-lapse waterfall plot).
For this reason again the ratios of all diffractograms to the
reference diffractogram were calculated.
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Fig.8 Reprojected and SR-XRD diffractogram of a silver
coupon exposed to synthetic air containing 10 ppm H,S and
90% RH for 12 h. The pattern shown was obtained by dividing
the pattern after 18h by the pattern at time 0 h (reference).

In Figure 8 the reprojected SR-XRD diffractogram obtained
after 12h of weathering divided by the reference (Ag coupon at
time Oh) is shown. Mainly sharp reflections appeared over time
which could be ascribed to Ag,S, while the broad reflections
were assigned to Ag,SOj;. The first visible reflections appeared
after 110 min of weathering assigned to both Ag,S and Ag,SO;
species.

To clarify the influence of the ambient conditions on the growth
rate of the corrosion products formed, the areas of the observed
reflections of the corrosion products and pure silver were
calculated and plotted against each other (Figure 9).
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———Ag (50% RH 500 ppb H2S)

=== Ag(90% RH 10 ppm H2S)

— AgCorr (50% RH 500 ppb H25) 16 >
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Fig.9 Comparison of peak areas of SR-XRD patterns for silver
exposed to 50% RH and 500 ppb against silver exposed to 90%
RH and 10 ppm H,S.

For the silver sample exposed to 50% RH and 500 ppb H,S an
upward trend in the level of corrosion can be seen despite the
small amplitude of the reflections. The calculated sum of peak
arcas for Ag reflections starts to decrease after 2h of
weathering indicating the covering of the silver by corrosion
product. However, the lack of significant reflections in the
XRD pattern indicated that this is principally amorphous.

Analysing at results from the silver sample exposed to 90% RH
and 10 ppm H,S, a relatively fast increase of the corrosion
product formation rate can be observed for the first 2 h of
weathering, followed by a sharp decrease at 2 h of weathering
and a further very slow linear decrease until 12 h of weathering.
The silver curve for this experiment shows nearly steady state
behaviour for the first 2 h of weathering followed by a linear
decrease until 6 h and then a rather unstable behaviour which
needs to be investigated in more detail. In fact the Ag curves
for both experiments show a similar trend after 6 hours with the
Ag (50% RH 500 ppb H,S) curve regaining its initial level at 12
hours. Given that the reflected silver intensity is controlled by
the absorption in surface corrosion, one might interpret this as

6 | J. Name., 2012, 00, 1-3

the appearance of metallic silver on top of the corrosion layer
as well as a substrate, followed by reoxidation.

In summary it can be stated that silver forms only small
amounts of crystalline corrosion product when exposed to 50%
RH and 500 ppb H,S over periods of 18 h. At higher RH (90%)
and H,S (10 ppm) silver is more prone to corrosion and forms
crystalline Ag,S and Ag,SO; species.

As weathering conditions in this H,S atmosphere did not lead to
severe crystalline corrosion product formation O; was added in
order to corrode the surface during the time frame of the
synchrotron experiment.

3.3 Silver exposed to H,S, Ozone and RH

Highly pure silver coupons were exposed to a gaseous
environments containing synthetic air, 10 ppm H,S and 90%
RH. After 12 h of weathering, additionally 500 ppb O; was
added to the gas stream to elucidate the influence of a strong
oxidizing agent on other corrosive atmospheres. SR-XRD
diffractograms were taken every 10min for a total weathering
time of 24 h as shown in Figure 10.

30.00 5 V Ag%OJ
V AgO
¥ Ag:0
® Ag>SO3
® Ag2SO04

Ag111

2700

Counts /10

Fig.10 Waterfall plot of reprojected and normalized SR-XRD
diffractograms of a silver coupon exposed to synthetic air
containing 10 ppm H,S and 90% RH for 12 h (30 min steps).
After 12 h 500 ppb O3 was additionally added to this
atmosphere.

Already after 30 min of O; addition to the H,S containing
atmosphere (12 h and 30 min total weathering time) two
additional reflections appear, attributed to silver-oxide species.
After 1h two further reflections at low wavenumbers appear,
due to Ag,SO;3 and Ag,SO, crystalline species. Furthermore,
the broad reflection at higher wavenumbers starts to split into 4
separate reflections attributed to AgO, Ag;0, Ag,SO; and
Ag,S0, species. The fastest growth rate over time is shown by
Ag,0O and AgO species. Regarding the overall corrosion
product formation, the contribution of sulfate compounds is
minor and silver sulfide species could not be detected at all at
the point of O3 addition.

This journal is © The Royal Society of Chemistry 2012
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Fig.11 Peak areas of SR-XRD patterns for silver exposed to
10 ppm H,S and 90% RH. After 12 h 500 ppb O3 was added to
this atmosphere for another 12 h. Sum of the 4 Ag reflections
labelled as Ag and sum of all other reflections labelled as
AgCorr.
Figure 11 presents the corrosion growth behaviour (peak areas
of obtained SR-XRD reflections) of a silver coupon exposed to
10 ppm H,S and 90% RH. After 12 h 500 ppb O; was added to
this atmosphere for additionally 12 h.
It is immediately obvious that the addition of O; to the H,S-
containing atmosphere causes an increased formation of
corrosion products. After O3 addition the curve of AgCorr
formation exhibits approximately parabolic growth for the first
22h of weathering which suggests diffusion-controlled
oxidation governed by a Fickian transport mechanism®.
Obviously the minor formation of corrosion products formed
during H,S exposure (0-12 h) leads to an immediate overtaking
by Oj; influenced corrosion. As O; is known to react with H,S
to form SO, in a gaseous environment not only silver-oxides
are formed upon Oj; addition but also silver-sulfites and —
sulfates.

3.4 Considerations related to SR-XRD measurements in the
beam-line ambient atmosphere

Independent of the weathering conditions, during the time-lapse
measurements a concentration of 20-70 ppb O; was measured.
This O; is produced by the x-ray beam in contact with oxygen
containing atmospheres. It is highly probable that this O;
concentration influences the corrosion/surface reaction process
during the measurements and should be taken into account. In
this case the experiments performed in RH and H,S atmosphere
have probably been influenced by the O; caused by the beam.
This could explain the preferential formation of Ag,SO; and
Ag,S0, species in those experiments rather than the expected
Ag,S. For the samples which were exposed to O3 (500 ppb) the
additional O; produced by the beam will not significantly
change the corrosion mechanism but it should be taken into
account that the Oj; concentration during measurements was
raised by 4-14%.

Another issue related to the SR-XRD measurements is of the
effect of the experiment on the surface spot to be analysed. Due
to the high energy of the excitation beam an influence on the

This journal is © The Royal Society of Chemistry 2012
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surface reactions has to be considered. For the samples exposed
to O3 and RH which showed a black corrosion layer, a visible
surface mark could be observed (a brighter, line shaped area in
the blackened surface) caused by the beam. This is due to the
possible influence of surface changes (chemistry) caused by the
method in certain conditions and needs further clarification.
Further detailed and systematic investigations can reveal these
measurement caused/induced surface artefacts.

Conclusions

This work presents the first documented use of in-situ time-
lapse SR-XRD to investigate early stages of atmospheric
corrosion on metals. Furthermore, the applicability of the eCell
to investigate metal surfaces in controlled gaseous
environments in-situ by time resolved SR-XRD could be
demonstrated.

Following those time-resolved in-situ results it could be shown
that crystalline corrosion products on silver exposed to 500 ppb
O; and 50% RH start to form already after 3 h of weathering,
leading to a blackened (tarnished) silver surface after 24 h of
weathering. At 90% RH in O; atmosphere silver oxidation
starts immediately but more mixed oxide species (crystalline-
amorphous) are formed. It could also be shown that silver is
less susceptible to H,S and SO, compared to Os. In both cases
the O3 and H,S (500 ppb) concentrations of the experiments are
not so much higher than the measured O; and H,S
concentrations in city atmospheres. In combination with other
gases related to silver tarnishing the corrosive potential of Os
should not be underestimated.
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