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Abstract

There is a long tradition in evaluating industrial atmospheres by measuring the corrosion rate of
exposed metal coupons. The heritage community also uses this method, but the interpretation of the
corrosion rate often lacks clarity due to the low corrosivity in indoor museum environments. This
investigation explores the possibilities and drawbacks of different silver corrosion rate assessments.
The corrosion rate is determined by three approaches: (1) chemical characterization of metal coupons
using analytical techniques such as electrochemical measurements, SEM-EDX, XRD and p-Raman
spectroscopy, (2) continuous corrosion monitoring methods based on electrical resistivity loss of a
corroding nm-sized metal wire and weight-gain of a corroding silver coated quartz crystal, and (3)
characterizing the visual degradation of the metal coupons. This study confirms that subtle differences
in corrosivity between locations inside a museum can be determined on condition that the same
corrosion rate assessment is used. However, the impact of the coupon orientation with respect to the
prevailing direction of air circulation can be substantially larger than the impact of the coupon location.

1. Introduction

Heritage caretakers have the challenging task to create a suitable environment for the safekeeping of
object collections. Their aim is to achieve an overall degradation rate that is as low as possible.
Generally, one attempts to answer the following three questions:

(1) how dangerous is the environment to the collection

(2) when should mitigation actions be applied

(3) how are these actions to be evaluated

In order to answer them, it is a common practice to monitor environmental parameters (e.g.
temperature (T), relative humidity (RH), and intensity of visible light (L,). The impact of such
parameters on a collection is usually estimated using predefined target values [1,2]. Indoor air
pollution is another crucial parameter that affects the overall transformation rate of many heritage
materials [3]. However, indoor pollution concentrations are close to the detection limit of many
pollution sensors. For example, silver tarnishes within a period of days to months when it is in contact
with ppb-amounts of hydrogen sulphide (H,S); Such concentrations are very hard to measure with
inexpensive sensors [4]. Moreover, synergetic and antagonistic effects complicate the prediction of
silver corrosion rates from the environmental parameters [5-7].


mailto:Pieternel.tHart@uantwerpen.be

An alternative way is to measure the corrosion rate of metal coupons [7,8,9] and use this corrosion
rate to estimate the corrosivity of an environment [10]. The relation between corrosion rate and the
corresponding indoor air quality (IAQ) are described by several norms [11,12]. To evaluate the
outcome of metal coupons, the corrosion rate can be assessed in different ways. Conventionally,
coulombic reduction is used [9,13]. The change in visual appearance has also been used as a way to
determine the corrosion extent [14]. Furthermore, resistance measurements of nm-thick metal wires
can monitor metal loss over time (e.g., Cosasco®, AirCorr®) [15-18]. All these corrosion rate
assessments use a different quantity to determine the corrosion extent, hampering the conversion of
the different types of corrosion rates to other types. In addition, parameters such as the orientation of
the metal sensor seems to affect the corrosion rate that might interfere with the variation of
aggressivity across a room. In this paper, the usefulness of silver sensors to evaluate IAQ will be
determined. For this, the possibilities and drawbacks of 4 types of silver corrosion rate assessments
will be evaluated. Subsequently, the impact of several parameters on the measurements are
assessed.

2. Experimental

For this study, several measuring campaigns have been realized to compare the performance of
different types of silver sensors. The corrosion rate of metallic silver was determined by two methods.
(1) Passive methods determine the average corrosion rates. For this, self-made coupons (i.e.
University of Antwerp Coupons, UAC) and Corrosion Classification Coupons (CCC) of Purafil were
used. (2) Continuous monitoring methods determine the corrosion rates in real-time. Both an
Environmental Condition Monitor (ECM) of Rorhback Cosasco and an OnGuard4000 (OG4) of Purafil
were tested. The measuring campaigns were realized in 4 different Belgian institutes. Within these
institutes, different types of environments were selected (i.e., outdoor, indoor in galleries and storage
facilities, and inside display cases). An overview of the measuring locations is given below (Table I).
The present study evaluates the silver sensors with three different approaches (Table I, column 1).

1. The first approach, chemical characterization of corrosion layers, investigates how chemical
characterization of the corrosion products formed on metal coupons can contribute to the
evaluation of the IAQ;

2. The second approach, continuous evaluation of corrosion layers, compares the two
continuous monitoring methods, which are subsequently compared to the absolute corrosion
values of the passive methods.

3. The third approach, visual characterization of corrosion layers, uses gloss and colour (i.e.,
two quantitative aspects of visual appearance) of exposed metal coupons in order to study
whether these can be used as a corrosion rate indicator by comparing the results to
electrochemical measurements. In a second part, the impact of position and orientation of the
sensors on the corrosion rates were evaluated.

TABLE I: Three approaches to evaluate IAQ using 4 types of silver sensors. Results were obtained
from outdoor environments, outside and inside a display case in a gallery, and in a storage facility in 4
different institutes.
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layers electrochemical measurements

e Compare corrosivity of locations
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in one museum
2. Continuous 0G4 ART e Compare commercial sensors
evaluation of ECM FIN e Compare passive and
corrosion layers ARM continuous sensors
CCC FIN e  Compare corrosivity at different
UAC institutes
0G4
ECM
3. Visual UAC FIN e Explore possibilities of colour
characterization and gloss as corrosion rate
of corrosion ARM indicator
layers e  Explore the impact of position
UMI and orientation of the sensors on
the corrosion rates
e Compare corrosivity between in-
and outside a display

FIN: Royal Museums of Fine Arts of Belgium in Brussels, Belgium

ARM: Royal Museum of the Armed Forces and of Military History in Brussels, Belgium
UMI: UMICORE Silver pavilion in Antwerp, Belgium

ART: Archival library of the Royal Academy of Fine Arts in Antwerp, Belgium

2.1. Silver sensors

The four silver sensors mentioned in the second column of Table | determine the corrosion extent by
measuring a specific quantity such as the electrical charge needed to reduce all corroded silver, the
mass loss of the metal, the mass increase due to corrosion build-up or the loss in metal thickness,
etc. These parameters are converted to corresponding corrosion rates (Table Il). However, the
different corrosion rates in Table Il are not identical. Only on the assumption of homogeneous
corrosion layers with fixed compositions, it is possible to make conversions between all mentioned
corrosion rates in each other. The different sensors are described below:

® Self-made University of Antwerp Coupons (UAC) with a size of 20 x 50 mm were cut from a
single sheet of pure silver (0,5 mm thick, Schone Metals Corporation, Amsterdam, the
Netherlands). Such large coupon surface is needed to avoid interference of the accelerated
corrosion at the edges. The accelerated corrosion at sharp edges is a commonly occurring
phenomenon that might be caused by enhanced electrical fields due to curved surfaces. The
following procedure is used to obtain similar surface states. First, the surface at both sides
was ground with an Al,Os-coated polyester fiber rotating wheel. Subsequently, the coupons
were rinsed with absolute ethanol with a purity of 99%. Finally, at the moment of exposure the
coupons were prepared by gently abrading both sides with a fibreglass brush. The coupons
were placed in a 45° angle on an L-shaped Plexiglass stand to allow free airflow on both
sides of the coupons. The coupons were exposed for a period of 3 to 9 months, depending on
the corrosion rate that is determined visually, based on the discolouration of the coupon. After
exposure, the developed corrosion layer was determined by coulombic reduction, by visual
and chemical characterization and the average corrosion rate <r.,,> defined in Table Il was
calculated.

® Corrosion Classification Coupons (CCC, Purafil, Doraville GA, US) are a commercially
available passive method. It consists of a clean silver sheet that is mounted on a Plexiglass
support panel, positioned approximately 3 mm above the Plexiglass surface. The CCC
coupons are exposed for 90 days. Then, the coupons are returned to Purafil where the
corrosion rate is being assessed by coulombic reduction which is converted into <ry>.




® The continuous method Environmental Condition Monitoring System (ECM, Cosasco, Santa
Fe Springs, CA, USA) is equipped with an ‘Atmospheric electrical resistivity corrosion sensor
610’, which is a 250 nm thick silver sensor. One part of the Ag-track is exposed to the
environment and is subject to corrosion; the second part, protected by a coating, acts as a
reference. For both parts of the track, the electrical resistivity is measured over time. This
corrosion sensor evaluates the environmental corrosivity in terms of the real time value ry
(Table 11).

® The second continuous method used, is the Purafil OnGuard4000® (OG4). It uses a quartz
crystal microbalance coated with silver. The corrosion build-up of the silver layer is monitored
by measuring the change in mass (r, of Table II).

TABLE 1l Overview of different parameters to determine the corrosion extent and corresponding
corrosion rate.

Metal corrosion extent Calculation of the corrosion rate Reference
Mass-10ss (Feon) feorr [Mg M?a™"] = Am,, t* [19]
feorr [MgMZa™ ] =itegM n* F*t7* [19, 21]
Mass increase due to corrosion build- | ryi [mg m?2a™] = mg t* [19, 22, 23]
up (rmi)
Metal thickness loss (ry) re[nm day ] = h,, t* [15, 23, 24, 25]

Mm: mass metal (mg); i: current density (MA/m?); tq: total reduction time (s); M: molar mass (g/mol);
n: valence state; F: Faraday's constant (C/mol); mg: mass corrosion compound (mg); h.: height
corrosion film thickness (nm); h,,: height metal loss (nm)

2.2. Approaches used to determine the extent of corrosion
The extent of corrosion of the different corrosion rate sensors is evaluated using three different
approaches (first column, Table I). The approaches are described in the following paragraphs.

2.2.1. Chemical characterization of corrosion layers

Electrochemical analyses (i.e. linear sweep voltammetry (LSV) and chronopotentiometry (POT)) were
used to perform a chemical speciation of the corrosion products present at the surface of UAC
coupons and to determine the surface concentrations of these species. Additional information was
obtained by analytical techniques such as scanning electron microscopy equipped with an energy
dispersive X-ray detector (SEM-EDX), X-ray diffraction (XRD) and p-Raman spectroscopy.

e Linear sweep voltammetry (LSV): This was performed with a PalmSens3® potentiostat
(PalmSens BV) controlled with the PSTrace software. A three-electrode cell filled with 8 mL of
a 0,1 M Na3zH(CO:s), electrolyte was provided with an aperture of 5 mm diameter (i.e., 0,2
cmz), giving access to the coupon surface (working electrode). A mercury sulphate electrode
(MSE) and a 2 mm platinum (Pt) tube were used as the reference and counter electrode
respectively. LSV was performed in the -0,4 V to -1,9 V/MSE range at a scan rate of 5 mV s™.

e Chronopotentiometry (POT): This was performed in a similar setup as described for LSV. A
constant current of -100 pA was applied (i.e., for an area of 0,2 cm? this corresponds with a
current density of -500 pA cm™). The total reduction time (t.eq) in Seconds was determined by
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calculating the first derivative of the chronopotentiogram by applying a 25-point
linear/quadratic Savitsky-Golay filter. On the assumption that only Ag,S was being formed as
corrosion product, Faraday’s law of electrolysis was used to determine the mass loss of the
metal.

e Scanning electron microscopy (SEM-EDX): A Field Emission Gun - Environmental SEM-
EDX (FEG-ESEM-EDX, FEI Quanta 250) was used to inspect the surfaces. Secondary
Electron (SE) images, X-ray spectra and element maps were collected using an accelerating
voltage of 20 kV. The take-off angle is 30°, the working distance is 10 mm, the current differs
between 0.2 and 6 nA and the chamber pressure is 10™ Pa.

e X-ray diffraction (XRD): This analysis was performed using a copper X-ray microsource (50
kV, 600 YA, Incoatec) and a PILATUS 200K area detector in reflection geometry. The sample
was positioned at an incident angle of 8° with respect to the X-ray beam and was fixed in a
sample holder using a protective layer of Tyvek®. The resulting beam spot size on the
sample was c. 2 mm x 0.3 mm (hor. x vert.). An optical microscope was used to accurately
position the sample; a three way motorized stage (XYZ) allowed careful movement of the
sample. Line measurements were performed by moving the sample vertically with a step size
of 0.3 mm while collecting a diffraction pattern over a period of 10s in each point. When
corrosion products were detected, an additional diffraction pattern was recorded with a longer
measurement time (300 to 500s) to improve the data quality.

e U-Raman spectroscopy: These analyses were performed with an InVia Raman Microscope
(Renishaw). The spectral range of 100-1500 cm™ was recorded while the laser power and
measuring time were adjusted for each sample to optimise the signal to noise rate. Sample
excitation was performed by means of a green (514 nm) laser and using a Leica N Plan long
working distance objective (x50/0.5), resulting in a laser spot size of + 1.2 um. All Raman
signals were detected by a Peltier cooled CCD detector. An optical microscope was used to
focus the laser on the sample. The obtained spectra were compared to reference spectra
from the RRUFF database.

2.2.2. Continuous evaluation of corrosion layers

The continuous sensors monitored the indoor corrosivity throughout different measurement
campaigns in the institutes. The results of the continuous automatic in-situ measurements were
immediately available for IAQ evaluation. Both ECM and OG4 systems use the corrosion
classification system ISA 71.04-1985 to convert corrosion rates into corrosivity of the environment
[26]. However, this classification is not sufficiently sensitive to distinguish differences in indoor
environments. For museum environments, it is advised to use the corrosion classification given by
ISO 11844-1 [12,16]. Table Il gives an overview of the corrosion rates ry that are calculated from the
corrosion rates reo, as reported by 1SO 11844-1 and the corresponding environmental corrosivity of
the environment. These formulas are used to compare the commercial silver sensors.

TABLE 1l Corrosivity based classification of IAQ determined from the corrosion rate of silver (ISO
11844-1). Reported corrosion rates based on mass l0ss re, [Mg m? a‘l] are converted in metal
thickness loss ry[nm day'l] by considering a silver density of 10.5 g cm’,

Corrosivity Category | reor [mg m?a™] rg[nm day™]
IC 1 (very low indoor) <170 <0.0444
IC 2 (low indoor) 170to 670 0.0444 t0 0.175




IC 3 (medium indoor) 670 to 3000 0.175t0 0.784

IC 4 (high indoor) 3000 to 6700 0.784t0 1.75

IC 5 (very high indoor) | 6700 to 16700 1.75t0 4.36

2.2.3. Visual characterization of corrosion layers

In the heritage community, it is common practice to estimate the corrosion rate by visual observation.
Such qualitative analysis is often facilitated by using a reference area obtained by partially protecting
the coupon with tape [27]. However, the visual assessment of a corroded surface is the result of a
convolution of the visual appearance with a personal appreciation of its appearance (i.e., esthetical
value). Because this appreciation varies between people, two quantifiable aspects of visual
appearance (i.e., colour and gloss) were used for the evaluation of degradation of the UAC coupons.
The colour change and loss of gloss on coupons that were exposed for 3 months in various locations
in the 3 museums were compared with electrochemical analysis to find the correlation between the
assessments. To confirm if the visual appearance measurement are valuable as corrosion rate
assessment, the impact of position and orientation of the sensors on the colour values were
evaluated. The impact of coupon orientation was estimated by placing a UAC coupon at 5 sides of a
Plexiglass cube (50 cm x 50 cm x 50cm). In a second setup, 3 UAC coupons were placed in close
proximity to each other and positioned in the same direction to evaluate the reproducibility. In the third
setup, 4 coupons were distributed throughout a room. For all coupons the front and backside 3-point
averages were measured. The following instruments were used for the gloss and colour
measurements:

e Change in gloss: This is measured with an Elcometer 406 Novo-gloss Lite™ miniature gloss
meter (X-rite). The reflectance is expressed relative to an ideal reflecting diffuser at an angle
of incidence of 60° in gloss units (GU). The change in gloss is described by the reflectance of
the corroded surface, obtained by procedure NBN EN ISO 8891:2000 [28], divided by the
original reflectance prior to corrosion. The measurements are in agreement with BS EN ISO
2813:2000, DIN 67530 [29,30]. (2000)

e Change in colours: L*a*b*-values (CIELAB) are collected with an Avantes
spectrophotometer consisting of an Avalight-D(H)-S Bal light source combining a halogen-
tungsten lamp for IR and visible light and a deuterium lamp for UV-light in combination with an
Avaspec-2048 spectrometer (Avantes BV). Light source and detectors are coupled to a 50
mm integrating AvaSphere using fibre-optic cables. The surface is illuminated at an angle of
incidence of 8°, while the diffusely reflected light is measured at 90°. The surface colour of 5
mm diameter zones are determined. The colour difference AE between original and corroded
surface state is calculated as the Euclidean distance dE,,’76 (CIE DS 014-4.3/E:2007) [31].

3. Results
The results per approach are discussed in the following paragraphs.

3.1 Chemical characterization of corrosion layers
In the first approach, the aim is to explore the contribution of chemical characterization to corrosion
rate assessments. To study this, an UAC coupon is exposed in the storage facility at FIN for a period
of 9 months. The surface is characterized by means of a multi-analytical approach. The results are
shown in Fig. 1. A visual inspection of the coupon clearly shows that the corrosion layer is
inhomogeneous with more extensive corrosion at the edges. The peak in LSV (Fig. 1a) starting at -
1.15 V/MSE can be attributed to acanthite (Ag,S) [32]. XRD measurements (Fig. 1b) confirm the
presence of Ag,S at the edge of the coupon, where the black tarnish is most striking. With SEM-EDX
6



an enriched sulfur content is visible at the edge (Fig. 1c). Since chlorargyrite (AgCl) is not identified
with XRD on the indoor coupon, the peak in the X-ray spectrum at the CIl-Ka position must be
attributed to Ag-L lines. The p-Raman spectra 1 and 2 (Fig. 1d) result from the burning of the
corrosion layer. The photo degradation due to the Raman laser is confirmed with optical microscopy,
showing brown spots in the corrosion layer. The signal at 243 cm™ and the peaks at 490 cm™, 1250
cm-' and 1435 cm™ are attributed to photo-decomposition products of Ag,S [33]. All chemical
characterization techniques confirm the formation of Ag,S as the only corrosion product on coupons
exposed to the indoor environment. This finding makes conversion between the corrosion rates in
Table Il possible.
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Fig. 1 Multi-analytical characterisation of the UAC coupon exposed to the storage facility at FIN for 9
months. a) LSV analysis of the brown corrosion layer demonstrating the presence of Ag,S; b) XRD
analysis confirming the LSV analysis; ¢) SEM-EDX analysis showing the presence S in the X-ray
spectra (Al is due to the sample holder) and the enhanced corrosion at the borders as can be seen in
the X-ray map of S; d) Raman spectra showing the photo degradation products of Ag,S.

For coupons exposed to an indoor environment for just 3 months at FIN only electrochemical analysis
was able to detect the corrosion layers. XRD, SEM-EDX and p-Raman have resulted in a rather
limited amount of information for these coupons. XRD is not able to detect the presence of sulphides
while for SEM-EDX the sulphur content remains below detection limit. Only for the coupons exposed
to an outdoor environment, the presence of chlorargyrite (AgCl) could be identified with XRD. Also
LSV is able to detect the presence of AgCl (i.e., as a small peak at -0.4 V/IMSE).

The evaluation of environmental corrosivity preferentially requires short exposure times and fast
corrosion rate assessments. Based on the results it can be concluded that for indoor environments,
electrochemical analyses seem to be more appropriate than the other analytical techniques.
Therefore, electrochemistry, and more specific POT, to compare the corrosivity of locations in one
museum. The corrosion assessment of the coupons exposed for a period of 3 months at different
locations at FIN is shown here as an example of a corrosivity study. The chronopotentiograms (Fig. 2)
clearly show differences between the locations analysed. The total reduction time (t.4) is used to
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calculate <rq>. As can be seen in the table in Fig. 2, the environmental corrosivity increases from the
lowest level in the display case, over the storage facility and the gallery to the outdoor environment,
the latter being the most aggressive. According to the corrosivity classification of the environment in
Table 1lI, all indoor environments are rated as IC2 and the outdoor as IC3. Although the indoor
locations belong to the same category, differences in corrosivity can be observed with POT.

- > Sample r Corrosion class
Total reduction b cor
A-0.4 1 1B location {[mg m2a]| (ISO 11844)
 -0.7 - Display | 306 IC2
S
> -
3 =l 1.2V (Ag,S) Storage | 317 Ic2
5131
[0}
5 ] _1.5 V (Electrolyte) Gallery | 340 o2
-1.6 +
] | Outside 827 IC3
-1.9 T r } T T } . .
0 30 60 90

Time (s)
—Display —Storage --Gallery ==Outside

Fig. 2 Chronopotentiograms obtained from coupons exposed at four different locations in FIN for a
period of 3 months. From the total reduction time, the corrosion rate <r.,> and the corresponding
corrosivity class of the environment are determined.

3.2 Continuous evaluation of corrosion layers

The aim of this approach is to compare corrosion rates measured with commercial sensors at
different institutes. Continuous corrosion monitoring methods are able to acquire corrosion rates
within shorter periods of time and to perform the analysis in-situ. Fig. 3a represents the continuous
data from the resistance measurements (ECM) and mass change (OG4) for different locations in
different institutes. With each displacement to another environment, the corrosion rate clearly
changes. The highly sensitive ECM sensor reveals a steady corrosion build-up. On the contrary, an
incidental trend is visible for the OG4 sensor, suggesting a lower sensitivity of the sensor or resolution
of the analog-to-digital converter (ADC). Subtle changes in corrosion build-up (< 8 A) are not
recognized by this system. For the ECM, the corrosion rate is given by the slope of the corrosion
build-up. The corrosion build-up is not perfectly linear, suggesting that changes in the room or specific
events can be detected. A period of c.14 days is sufficient to determine the average corrosion rate.
For example, the gallery and the storage facility of ARM give a corrosion rate (i.e. slope * stddev) of
0.0519 +0.0001 nm day” and 0.0899 +0.002 nm day™ respectively (Fig. 3a). Even though the
difference in corrosion rate is small, it indicates a more aggressive IAQ towards silver objects in the
storage facility. A follow-up study is needed to find the source of the higher corrosivity level (e.g.
higher corrosive gaseous pollutants such as H,S, OCS, VOC'’s, ...) [4, 34].

To study the intercomparability, corrosion rate assessments were also carried out with metals
coupons. This was performed in the same period and in close proximity of the continuous sensors.
The average corrosion rate over a period of 30 days recorded by electrochemical readout of the
passive CCC coupons is almost twice as high compared to the ECM, while the CCC and UAC
coupons are considerably different as well (Fig. 3b). Only the OG4 and UAC recorded a similar
corrosion rate. This means that the measured corrosion rate is affected by the method itself.
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Therefore, relative comparisons are only possible when similar methods are used. Consequently, it is
recommended to cut coupons from the same sheet of metal.

20 0.3
18 1 ART FIN | ARM ARM ARM b
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Fig. 3 a) Metal loss of silver sensors as determined by ECM and OG4, placed parallel, in ART, FIN,
ARM for a total period of 200 days. The corrosion rate is given by the slope; b) Average corrosion rate
(ry) over a period of 30 days, derived from total metal loss divided by amount of days, for 4 different
corrosion monitoring methods performed in close proximity in a gallery at FIN.

3.3 Visual characterization of corrosion layers

The extent of corrosion can easily be observed from the change in visual appearance. However,
section 3.1 demonstrated that the corrosion layer responsible for this change is extremely thin and
hard to characterize with for example SEM-EDX. Also, the approved assessment with electrochemical
techniques cannot be performed in-situ. This approach explores the possibilities of quantitative
determination of the change in colour and change in gloss as a corrosion rate indicator by comparing
them with the corrosion rates <r¢,> derived from chronopotentiograms obtained at the front side of
UAC coupons. A correlation of R2 = 0.77 is observed for the colour change versus <rq> in Fig. 4a.
The environments rated as corrosion category IC 2 (dE,, < 20) and IC 3 (dE,, > 20) can clearly be
distinguished. However, the colour change analysis is less sensitive to subtle differences in
environmental corrosivity compared to the electrochemical analysis. For gloss, on the contrary, no
correlation could be found with <r.,> (Fig. 4b). The abrasion of the surface with a fibreglass brush
must have a larger impact on the gloss than the corrosion process itself. On some surfaces a higher
gloss is measured compared to the reference coupon.

Additionally, the impact of position and orientation of the sensors on the corrosion rates derived from
colour change analysis were evaluated. After exposure, the relative standard deviation (rel. stddev)
between the AE’'76 of colour values from at least three coupons was calculated, shown in Fig. 4c. The
corrosion extent appears to be reproducible when 3 coupons are placed in close proximity to each
other and positioned in the same direction (with a rel. stddev of 3%). The colour of 4 coupons
distributed in various positions in one room results in a much higher variation (rel. stddev = 17%). To
test the effect of the coupon orientation, 5 coupons were placed on 5 sides of a Plexiglass cube (50
cm x 50 cm x 50cm). A large variation (rel. stddev = 35%) is observed. Finally, the difference between
the front and backside of 17 inclined coupons was considered, resulting in a large variation (rel.
stddev = 40%) [7]. Although the experimental setup is limited, this means that coupon orientation has
to be chosen carefully and that air flow must be considered when estimating environmental
corrosivity. Furthermore, a measuring location should not be considered as a point in a room but as a
vector, taking the positioning of the coupon into account.
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Fig. 4 a) Relation between change in colour (AE’76) and the corresponding corrosion rate (r,,) of 17
silver coupons at different locations in 3 museums for 3 months; b) Relation between change in gloss
and corrosion rate (reoy) of same coupons; c) Effect of several parameters on the colour change:
reproducibility of the results at the same location, effect of sample location in a room, coupon
orientation and front or backside of an inclined coupon d) Protective property of the display cases in 3
different museums determined by the colour change on the front side of coupons.

The colour evaluation method is tested in a small study concerning the protective efficiency of several
display cases. Fig. 5d shows that the environment inside the display cases is less aggressive than
that of the galleries in which they are located. ARM has the highest display:gallery ratio (0.6),
meaning that the historical oak display cases of the early 20th century are not very protective. The low
protectiveness might be explained by the presence of internal sources (e.g., it is known that wood off
gases VOC'’s [35] and silver is sensitive to this pollutant) or its high air exchange rates (around 15,2
AE day™)" allowing the diffusion of corrosive gases from the gallery into display case [15,36,37]. UMI
has a high corrosivity in the gallery. However, its modern display cases efficiently block the external
pollutants from entering the cases, resulting in a high protectiveness (display:gallery ratio of 0.1).
From these first results it seems possible to use colour evaluations as a quick analysis for the
environmental corrosivity levels.

4. Conclusion

Metal coupons are often used by heritage caretakers to evaluate the corrosivity of a given artefact
environment. The problem with this method is that it requires long exposure times (up to 3 months)
and that environmental corrosivity is often assessed by visual inspection by eye of the appearance of
the surfaces. In this study, alternatives were explored to determine the corrosion rate.

"The AER measurements were carried out in oaken display cases by measuring the decreasing CO; level in the
display case after filling it with gas, following the procedure described in [38].
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Although the visual appearance of the coupons has changed drastically during the exposure period,
measurements with SEM-EDX, XRD or p-Raman spectrometry have resulted in a rather limited
amount of information. Micro-surface analytical techniques are only usable for coupons exposed to
low corrosive indoor environments for at least 9 months in order to have corrosion layers available
with sufficient thickness. Although the long exposure time makes this approach impracticable, they
could confirm that the corrosion layer consists of mainly one corrosion product: Ag,S. This information
is needed to convert the one type of corrosion rate to another type. Electrochemical measurements
appeared to be very effective as corrosion assessment. Also colour change measurements could be
used to estimate corrosion rates but were less sensitive than the electrochemical analyses. The
corrosivity could be assessed simultaneously in different locations by placing coupons cut from the
same metal sheet. The resulting average corrosion rate could be determined after an exposure time
of 2 to 3 months. An alternative to metal coupons is regular displacing a continuous sensor so that
several locations can be assessed in a limited period of time. For the continuous monitoring in indoor
situations, the ECM was able to distinguish low corrosion rates and to detect sudden changes in
corrosivity (i.e., harmful events). The ECM sensor a period of c. 14 days was sufficient to determine
the average corrosion rate. The ISA classification system, used by the ECM to compare corrosion
rates with I1AQ, appeared to be too broad for indoor situations. Consequently, the ISO 11488-1
classification was used instead. The results of the different-corrosion rate assessments are hard to
mutually compare with each other due to differences in interaction between metal and environment
(e.g., surface roughness, metallographic structure, etc.) and to the different methods used to
determine the corrosion rate. Concluding, a relative comparison of corrosivity between different
environments can only be performed on condition that similar corrosion rate assessments are used.

The results demonstrated that most indoor air situations were low corrosive (IC1 and IC2), a non-
alarming corrosion rate for museum environments. The environment inside and outside display cases
can often be ranked within the same class, but with metal coupons analysed with electrochemical
analysis and with automatic monitoring, using the ECM system, it is possible to distinguish subtle
differences in corrosivity within that class. However, orientation of the metal sensors relative to air
movements tremendously affects the results. This means that air displacement should not be omitted
when the indoor air quality is to be monitored.
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