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AbstractAbstract

Surface moisture plays an important role in the deterioration of building surfaces. The
extent and duration of surface moisture is generally impossible to predict from
meteorological data and consequently direct measurement of this quantity is essential,
e.g. using the WETCORR method. This method has been developed in Scandinavia
during the past 25 years. From the beginning it was intended for measurements of
instantaneous atmospheric corrosion rates and TOW (time of wetness) using corroding
electrolytic cells. Over the past 15 years the method has been extended to
measurements of surface moisture and TOW on building materials in general. To that
end a modified measuring concept has gradually been developed, including an inert
electrolytic cell with electrodes of gold (Au). More recently, the method has also been
applied to measurements of moisture content (MC) in various materials using
modifications of the traditional pin-type electrodes.

This thesis summarises various measurement projects that have involved the
WETCORR method during the past 10 years. Some projects are entirely focused on
the method as such, some are more concerned with the interaction between the
moisture sensor and the environment. In some cases attempts are made to correlate
TOW with corrosion.

The limitations of the ISO 9223 standard for estimating TOW (RH>80%, T>0°C) is
clearly illustrated. The shortcomings of the ISO standard become evident in climates
with sub-zero temperatures, in environments with significant deposition of pollutants
and salt, and in situations where the exchange of radiation between building surfaces
and the surrounding environment creates large temperature differences which in turn
may either promote or inhibit condensation.

A generalised definition of TOW based on the conductivity of the surface electrolyte
rather than the thickness of the moisture film is proposed. The modified TOW is called
time of conduction or time of corrosion, (TOC). Strict measurement of TOC requires
the use of an inert electrolytic sensor and excitation by AC or pulsed DC with
reversing of the polarity. This is different from the present WETCORR technique. The
adoption of the TOC concept opens up the possibility of dividing time into ”wet” and
”dry” periods. This is believed to facilitate for the development of dose-response
functions based on the real physical/chemical processes occurring on material surfaces
rather than on a parametric approach.

The WETCORR technique has proven to be very useful also for measurements of MC
in wood, a measurement concept called INWOOD. The general principles and
theoretical considerations for wood moisture measurements are reviewed, including
the derivation of semi-empirical relationships describing the dependence of resistivity
on MC, temperature and dry density of wood. The same technique should be possible
to use with almost any porous building material.
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IntroductionIntroduction

GeneralGeneral

The thesis comprises the following eight papers which will be referred to by their
Roman numerals:

I P Norberg, (1990), Monitoring of Surface Moisture by Miniature Moisture
Sensors, Proc 5th Int Conf on Durability of Building Materials and Components,
Brighton, UK, 7-9 Nov 1990, pp 539-550.

 
II P Norberg, (1993), Evaluation of a New Surface Moisture Monitoring System,

Proc 6th Int Conf on Durability of Building Materials and Components, Omiya,
Japan, 26-29 Oct 1993, Paper 3.7, pp 637-646.

 
III P Norberg, C Sjöström, V Kucera and B Rendahl, (1993), Microenvironment

Measurements and Materials Degradation at the Royal Palace in Stockholm,
Proc 6th Int Conf on Durability of Building Materials and Components, Omiya,
Japan, 26-29 Oct 1993, Paper 3.2, pp 589-597.

 
IV P Norberg, G King and D O’Brien, (1996), Corrosivity and Microclimate

Measurements in Open and Sheltered Marine Environments, Proc 7th Int Conf
on Durability of Building Materials and Components, Stockholm, Sweden, 19-23
May 1996, Vol 1, Paper 18, pp 180-190.

 
V I S Cole, P Norberg and W D Ganther, (1996), Environmental Factors

Promoting Corrosion in Building Microclimates, 13th International Corrosion
Congress, Melbourne, Australia, 25-29 Nov 1996, Paper 410.

 
VI P Norberg and J Abrahamsson, (1996), Monitoring of Moisture Conditions in

Painted Wood Panels Exposed Outdoors in a Temperate Climate, Proc 7th Int
Conf on Durability of Building Materials and Components, Stockholm, Sweden,
19-23 May 1996, Vol 1, Paper 74, pp 713-724.

 
VII P Norberg, (1998), Monitoring of Wood Moisture Content Using the

WETCORR Method.  Part 1: Background and Theoretical Considerations,
Accepted for publication in Holz als Roh- und Werkstoff.

 
VIII P Norberg, (1998), Monitoring of Wood Moisture Content Using the

WETCORR Method.  Part 2: Calibration and Validation, Accepted for
publication in Holz als Roh- und Werkstoff.
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BackgroundBackground

The interest in surface moisture and time of wetness (TOW) has its origin in the
research field of atmospheric corrosion. Early on, Vernon (1) had shown that the
corrosion rate of steel increased dramatically when a critical relative humidity (RH) of
between 80 and 90% was exceeded. Understanding of the various mechanisms that,
even under non-condensing conditions, can result in the build-up of significant amounts
of moisture on metallic surfaces, and thereby cause corrosion, was essential for the
continued research in this area. In addition, the electrochemical nature of the typical
moist or wet atmospheric corrosion became more and more obvious (2). This also led
to the adoption of electrochemical methods for studying the instantaneous rate of
atmospheric corrosion with the prospects of replacing the traditional and time-
consuming weight loss measurements done by long-term exposures of test coupons.

The early experience of electrochemical measurements of atmospheric corrosion and
its relation to the concept of TOW has been reviewed by Mansfeld (3,4). TOW in this
context is commonly considered as the time for which the atmospheric conditions are
such that electrochemical reactions of some magnitude can occur on the surface of the
sensor. There is a general opinion among atmospheric corrosion scientists that surface
moisture and TOW play a very important role in the corrosion of metals and alloys
exposed to the atmosphere. Consequently, the idea of a critical RH determining TOW
is very much reflected in the current standard ISO 9223 (5) defining TOW as the time
for which RH is greater than 80% while the air temperature is above 0°C. As has been
shown by many investigators this meteorological approach has its limitations, partly
because the electrochemical reactions are in operation far below 0°C (6,7,8). It is also
well known that the presence of hygroscopic salts on the surface (2,4) can considerably
lower the humidity where wetting occurs. In addition, the difference between air and
surface temperatures, as governed by the radiation conditions, is a very important
factor to consider in relation to TOW (6,9,10).

In the very first attempt to study atmospheric corrosion by electrochemical methods,
Tomashov and co-workers (2,11) used galvanic cells with alternate electrodes of
different metals, e.g. Fe/Cu, Fe/Zn, Fe/Al and Cu/Al. When a film of moisture
appeared on the surface of the electrode lamellae, a potential difference was produced
between the terminals and the resulting external current was measured with a sensitive
galvanometer. Sereda (12,13) used galvanic cells of the types Pt/Fe and Pt/Zn but
measured the variation in voltage across an external resistor through which the
galvanic current was flowing. TOW in these cases were defined as the time during
which the galvanic current or voltage exceeded an arbitrary threshold value. Sereda et
al (6) also made way for the ASTM standard (14) covering that particular method for
the electrode combinations Au/Cu, Au/Zn and Pt/Ag. More recently, Hechler et al (7)
have studied exposures of large sets of sensors following the ASTM procedure.

Kucera and Mattsson (15) and Mansfeld and co-workers (3,4,16,17) adopted the
original concept of Tomashov using Cu/steel or Cu/Zn couples and studied the
galvanic current, trying to relate this to the rate of atmospheric corrosion. Kucera and
co-workers (15,18) and Mansfeld and co-workers (3,4,16,17,19) also used electrolytic
cells of only one metal, e.g. Cu/Cu, steel/steel and Zn/Zn, to which an external
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constant voltage was applied. Kucera used voltages in the range 100-400 mV and the
resulting current was only a vague measure of the corrosion rate, while Mansfeld
limited the potential difference to ±30 mV in order to enable measurement of the
corrosion current on the basis of the polarisation resistance technique.

The development of the electrolytic method originally proposed by Kucera and
Mattsson (15) has continued in Scandinavia during the past 20-25 years, to a large
extent within the frames of joint Nordic research programmes involving the Swedish
Corrosion Institute (SCI) and the Norwegian Institute for Air Research (NILU), e.g.
Haagenrud et al (20). Further efforts made by NILU led to the so-called NILU
WETCORR (WETness and COrrosion Rate Recorder) method, involving an automatic
six-channel current integrator and the use of miniature Cu/Cu cells, Haagenrud et al
(21). A theoretical study of the electrochemical characteristics of the NILU/SCI sensor
was done by Haagenrud et al (22) who showed, among other things, how the recorded
current was depending on the thickness of the deposited moisture film.

More recent collaboration between NILU and the National Swedish Institute for
Building Research (SIB) aimed at extending the NILU WETCORR concept to
measurements of surface moisture and TOW on building materials and structures in
general, Haagenrud et al (23) and Svennerstedt (24,25). The surface moisture studies
by Lindberg (26) on paint and Yamasaki (27) on plastics should also be mentioned in
this context as examples of TOW studies made on non-metallic materials. This
generalisation of the view on TOW should have implications not only for the definition
of the TOW concept as such but also for the measurement technique and the sensors
used. This was the starting point for the work that is presented in this thesis.

AimAim

The overall aim of this work has been to gain more experience and to provide a better
understanding of the interaction between building surfaces and the various factors
related to climate, air pollution and building design. In particular, the objectives of the
thesis have been to

• define TOW in a generalised form, independent of material
 

• develop and validate a non-corroding surface moisture sensor for measurement of a
generalised TOW

 

• develop and validate various types of sensors for measuring critical moisture loads
and times in the immediate vicinity of building surfaces of specific materials.
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Summary of thesis appendicesSummary of thesis appendices

The following section is a short summary of each of the eight papers appended to this
thesis. The intention is to give an overview of the main topics addressed and also some
of the more important results. In the discussion part of the thesis further elaboration of
selected results will be given.

II Monitoring of Surface MoisturMonitoring of Surface Moisture by Miniature Moisture Sensors.e by Miniature Moisture Sensors.

This paper deals with the first laboratory tests done with the new electrolytic cell
having resistance grids of gold (Au). The sensor was made by thick-film technology
using Au-paste which was screen-printed onto a sintered alumina backing. A
commercial dew sensor, Murata HOS103, was also included in the evaluation
programme.

The measurements were conducted in a climatic chamber using the WETCORR
instrument developed at SIB. Several specimens of each sensor were tested under
varying temperature and relative humidity while mounted on a substrate of coil coated
sheet metal. The sensors were driven by a constant voltage of 100 mV with polarity
reversal every 30 seconds and the resulting current was recorded as averages over one
voltage cycle. i.e. one minute. In particular, the response of the two types of moisture
sensor to the polarity reversal was studied at RH-values between 56 and 98%. In the
case of the Au/Au sensor, the major contribution to the average current came from the
first few seconds after polarity reversal. This effect increased dramatically with
increasing moisture load. Under the same conditions, the HOS103 was almost
unaffected by the reversing polarity.

Although quite different in character, both sensors showed acceptable properties in
terms of individual variability, sensitivity, reproducibility and long-term stability.
Regression analysis provided an empirical relationship between, on one side, the
current I (nA) through the Au/Au sensor, and on the other side, the ambient RH (%)
and the absolute surface temperature TS (K):

log  I = 3.439 + 3.409 10 (RH) T-4 2
S⋅ ⋅ − 1388

This equation worked well for temperatures between 0 and 30°C and RH-values in the
range 50 - 100%. The dew sensor, HOS103, was found to react drastically to moisture
loads exceeding 90 - 95% RH, irrespective of temperature.

Surface moisture measurements using the two types of sensor evaluated, should give
valuable information about the microclimate on and near surfaces of buildings. Such
knowledge is important when describing the interaction between the microclimate and
the degradation of the materials.
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IIII Evaluation of a New Surface Moisture Monitoring System.Evaluation of a New Surface Moisture Monitoring System.

The paper describes a totally new surface moisture and TOW monitoring system that
was developed within the EUREKA-project EU 615 Eurocare Wetcorr. The system
was based on the WETCORR method and consisted of a controller unit to which up to
16 sensor adapters could be connected. Each sensor adapter was in turn designed to
handle up to 4 surface moisture and 4 surface temperature sensors. The moisture
sensor, which was produced by modern thin-film technology, was an electrolytic cell
made up of impedance grids in gold applied on a sintered alumina backing measuring
24 by 19 mm. An integrated circuit temperature transducer was mounted on the
backing to enable surface temperature measurements.

Evaluation of the system, including sensors and PC software, started in mid 1991.
Additional field experience was gained in the EUREKA-project EU 640 Eurocare
WetDry-Dep. The results showed that the moisture sensors employed responded to air
relative humidities higher than 70 - 80% and that the recorded current to a large extent
followed the variation in relative humidity. However, also the effect on TOW of the
difference in temperature between the surface and the ambient air was exemplified and
discussed. The obvious discrepancy between the ISO 9223 estimates of TOW and
those directly measured with the WETCORR sensors was attributed to the fact that the
ISO-standard only considers air temperatures greater than 0°C.

The individual variation among 12 parallel sensors was about 20% expressed as the
relative standard deviation over several months of testing. No significant difference
was observed between the results obtained with SIB’s WETCORR instrument and
those obtained with the new system. Data retrieval and processing was made
automatically using the so-called RINGSYS programme, which is a macro added to
Excel.

Additional experience from various test programmes within the Eurocare Wetcorr
project has been gathered in (28).

IIIIII Microenvironment Measurements and Materials Degradation at the Microenvironment Measurements and Materials Degradation at the 
Royal Palace in Stockholm.Royal Palace in Stockholm.

The paper describes the Swedish part of the EUREKA-project EU 640 Eurocare
WetDry-Dep which involved measurements of climate and pollution factors along with
exposures of important building materials at the Royal Palace in Stockholm. As part of
the definition or initial phase of the project, 14 positions representing different
microenvironments were chosen around the facades of the palace. The aim of this pre-
study was to screen the corrosivity and microenvironment in the different locations but
also to develop and adapt test methods and experimental set-ups. The corrosivity was
studied by exposure of panels in C-steel, Zn, Cu and limestone. Some of the test
positions were equipped with a small rain shelter. Air pollution measurements were
made using passive samplers for concentration and deposition of SO2 and NO2.
Surface moisture was measured according to the WETCORR method. In addition, a
reference site was established on the roof of the palace. Besides material exposure tests
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and pollution measurements carried out on the roof, climatic factors such as air
temperature, RH, rainfall, surface moisture, wind speed and direction and UV radiation
were monitored.

The results after 6 months indicated that the corrosion effects were significant and
consistent when comparing the different test positions. A general observation for C-
steel and Zn, in particular, was that the sheltered positions had resulted in mass loss
values that were lower than for the corresponding free exposure positions. The mass
loss values for the free exposure on the roof of the palace were considerably higher
than for any of the test positions on the facade. The concentration and deposition
measurements of SO2 and NO2 showed significant variation between the different test
positions and also with time of the year. The measurements of surface moisture and
TOW using the WETCORR method showed results that were, in principle, consistent
with the anticipated moisture situation at the Royal Palace. In sheltered positions,
however, an increased current could be observed due to pollutants deposited on the
sensor grid.

The final report after 12 months of exposure is only available in Swedish, Rendahl et al
(29). Some additional information, however, may be found in Rendahl et al (30),
including also the results of the Czech republic part of WetDry-Dep.

IVIV Corrosivity and Microclimate Measurements Corrosivity and Microclimate Measurements in Open and Sheltered Marine in Open and Sheltered Marine 
Environments.Environments.

Sea salt deposition is the principal factor causing atmospheric corrosion of metals in
coastal regions of Australia. In rain-sheltered positions of buildings and structures
situated close to breaking surf very corrosive conditions may develop with time. A
long-term industrially funded project has studied the comparative performance of
generic classes of metals and coatings exposed to marine environments. The exposures
involved the use of semi-enclosed glass shelters which prevented the specimens from
being rain-washed. At the time of writing the exposure phase had exceeded 4.5 years
and some products had failed at an early stage, particularly those exposed under the
shelters.

In order to more closely study the early stages of corrosion, complementary short-term
(1-6 months) measurements of corrosion rates and microclimate were initiated at the
most severe marine site employed (Navy Base), in the open and under the shelters. The
material exposed for corrosion measurements included ‘mild’steel, zinc, and 5% and
55% aluminium-zinc alloy coated steel.

The results after the first three months were summarised in a preceding paper (31). In
general, also the results after six months showed significant increases in corrosion rate
for sheltered specimens compared with those exposed in the open. This tendency was
observed even after one month. The corrosion rates decreased with time and this trend
was in good agreement with earlier data for the same materials after 1 and 2 years.
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Additional tests were done with zinc panels that were sprayed once a week with
natural sea water and exposed under the shelter at the mild site at CSIRO in Highett
south of Melbourne. The difference in corrosion rate between 50 and 500 mg/m2day
chloride deposition is small but still significant for the monthly specimens. Except for
the first month, a deposition rate of 500 mg/m2day resulted in slightly higher corrosion
rates than 50 mg/m2day. The six-month data, again, were much lower than the one-
month results. The monthly variation seemed to be correlated with the temperature
more than anything else. There was virtually no difference between the two salt levels
after six months. It is interesting to note that the corrosion rate for the six-month
specimens dosed with 50 and 500 mg/m2day was almost the same as that obtained
under the shelter at the severe marine site (Navy Base) during the same period. The
measured salt deposition for the Navy Base was 82 mg/m2day under the shelter for the
same period.

Relative humidity, temperature and TOW according to ISO 9223 did not reveal any
difference between the open and sheltered environments. In contrast, direct
measurements of TOW using the WETCORR-technique clearly demonstrated the
gradual accumulation of sea salt, particularly on sheltered surfaces, resulting in
significantly longer TOW compared with the open surfaces.

More details are given in the final report of this complementary study (32). However,
some of the results will appear in the discussion part of this thesis.

VV Environmental Factors Promoting Corrosion in Building Microclimates.Environmental Factors Promoting Corrosion in Building Microclimates.

As part of an Australia-wide survey, field measurements were taken in buildings
exposed to different climates along the Queensland coast and situated at different
distances from the Pacific Ocean. The aim of the project was to provide data that
would support the development of predictive models for the lifetime of metallic
materials used in the envelopes of buildings in Australia. Unfortunately, the materials
exposure part of this investigation was not possible to publish at the time when the
paper was being written. Consequently, only results from the climatic and
environmental studies were included.

Measurement of airborne salinity, relative humidity, temperature and surface wetness
were made outside and within the envelope of three houses. The parts of the buildings
that were monitored at each site included two of the wall cavities, the roof space and
the space above a layer of insulated foil, known as sarking, installed between the roof
trusses and the roof cladding.

TOW was measured using a Monitor Sensors leaf wetness sensor (LW-01) which is a
gold grid sensor with coarser pattern of electrodes than the WETCORR sensors.
Another difference was that the sensors were not mounted in thermal contact with a
substrate structure but were exposed freely in the air, whether outside or in e.g. a wall
cavity. The outside reference station also involved measurement of rainfall.
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A powerful means to analyse the many time series was the use of temporal contour
graphs, as exemplified in the paper. These graphs enable the daily variation of the
variables to be studied over extended periods of time, e.g. a season, without loosing
any essential information. Graphs showing the seasonal averages of the daily variation
were also very useful in order to disclose repeated patterns in the climatic exchange
between the various parts of a building and the exterior. In particular, the factors
controlling surface wetness were analysed. Significant TOW values occurred in
specific parts of the building envelope of the houses investigated. It was found that in a
non-marine tropical environment wetness is promoted by condensation, and in a marine
environment wetness is promoted by moisture absorption of salts. The relevance of the
data to corrosion of building components was also discussed.

VIVI Monitoring of Moisture Conditions in Painted Wood Panels Exposed OutdoorsMonitoring of Moisture Conditions in Painted Wood Panels Exposed Outdoors
in a Temperate Climate.in a Temperate Climate.

The EUREKA-project EU 455 Eurocare Prowood aimed at developing
environmentally friendly surface coatings for protection of exterior wood materials.
The project was co-ordinated by the Norwegian paint manufacturer Jotun AS. As part
of this project the effects of microclimate on moisture conditions in coating and wood
substrate were studied.

Sawn test panels of Norway spruce (Picea Abies) with different pretreatments were
coated with two types of top coating, a water-borne acrylic/alkyd and a solvent-borne
alkyd as a reference. The panels were prepared with various moisture sensing devices,
all of which were hooked up to a WETCORR equipment. The types of sensor
employed included nail electrodes with the tips positioned close to the surface as well
as in the middle of the panel thickness. This was the first step taken in a direction to
employ the WETCORR system also for moisture measurements in wood, later to be
known as INWOOD. Other electrodes included platinum-wires embedded in the
topcoat, painted and unpainted TOW sensors mounted on the surface, including
surface temperature transducers, and also unpainted sensors built in from the back of
the panels but positioned close to the front surface. All test panels were end-grain
sealed using Al-primer.

A total of 16 panels, representing 6 different coating systems, were monitored at the
exposure site of the Centre for Built Environment, Gävle, Sweden. The exposure
environment was characterised in terms of air temperature, relative humidity,
ultraviolet radiation (UVAB), wind speed and direction, rainfall and TOW, both
according to ISO 9223 and WETCORR. The results presented in the paper cover the
first 16 months of exposure. Up to that time, the different coating systems showed only
very small differences in wetting and drying characteristics. Despite extensive periods
of rainfall and high relative humidity, moisture uptake of the panels was very limited.
Subsequent periods of drying showed that the different coatings, including the wood
substrate, rapidly resumed to low moisture levels in conjunction with the decrease in
relative humidity. End-grain sealing was an important explanation to the fact that very
little moisture had entered the panels, including the uncoated ones.
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Further evidence for the deviation in TOW between the ISO 9223 estimate and that
measured directly with the WETCORR sensors could be seen in the data presented. As
concluded previously the main explanation for the difference originates from the fact
that ISO 9223 neglects wetness estimated for temperatures below 0°C.
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VIIVII Monitoring of Wood MoisturMonitoring of Wood Moisture Content Using the WETCORR Method.e Content Using the WETCORR Method. PartPart
1: Background and Theoretical Considerations.1: Background and Theoretical Considerations.

The WETCORR method is normally used for monitoring of surface moisture and time
of wetness of exterior building surfaces. Lately, within the EU-project WOOD-
ASSESS, the method was adapted to accommodate also measurement of moisture
content (MC) in wood. In this first part of the article, the background to the
development of the WETCORR INWOOD measurement system is given. The sensor
system developed consists of a pair of moisture electrodes and a temperature probe.
The electrodes were specified to meet at least the following demands. They should:

• be robust and withstand a reasonable degree of interaction with external factors
such as vegetation, snow, curious visitors, etc.

• be easy to install and minimise the need of maintenance.
• be applicable to different types of wood substrates, from sawn panels to large sizes

of logs.
• not corrode significantly during use.
• not come loose due to moisture movements or relaxation of the wood.

The temperature probe was based on a Pt-1000 element fitted into a neat casing that
could easily be installed in the wood substrate.

The general principles and theoretical considerations for wood moisture measurements
were reviewed, including the derivation of semi-empirical expressions for how the
resistivity of wood depends on moisture content and temperature. An attempt to
describe MC as a function of both current and temperature by superimposing two
independent expressions was derived, resulting in the following equation:

log M = A + B log I +
C

T
⋅

where M is the moisture content, I the current, T the absolute temperature and A, B
and C constants to be determined.

VIIIVIII Monitoring of Wood Moisture Content Using the WETCORR Method.Monitoring of Wood Moisture Content Using the WETCORR Method. PartPart
2: Calibration and Validation.2: Calibration and Validation.

This second part of the  study deals with the calibration of the WETCORR INWOOD
electrodes used within the WOOD-ASSESS project for continuous monitoring of
wood MC in buildings. From an electrical point of view there was no significant
difference between the WETCORR method and a typical resistance-type of moisture
meter in measuring MC in wood. It was always possible to translate the WETCORR
INWOOD reading into the reading of a traditional moisture meter connected to the
same electrode pair. The versatility of the WETCORR system, when applied to wood
moisture measurements in buildings, would be greatly enhanced should the measuring
channels be electrically isolated from each other.
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Ohm’s law was found to hold true for resistance measurements in wood. DC excitation
voltages from 25 mV up to 20 V and AC voltages in the range 5-30 V, resulted in
constant resistance.

Tests on duplicate samples of pine, spruce and oak in two different conditions were
done while exposed to temperatures from 1 to 40ºC and MC between 14 and 24 % in a
climate cabinet. For an individual wood sample, MC and temperature were enough to
explain the variation in resistivity according to an expression in the form:

log = C C M 
C

T1 2
3ρ + ⋅ +log

where ρ is the resistivity, M the moisture content, T the absolute temperature and C1,
C2 and C3 constants to be determined. To take into account the variation in resistivity
between the samples and particularly between different species of wood, also the dry
density had to be considered by adding another linear term to the previous equation:

log = C C M 
C

T
C1 2

3
4 dwρ ρ+ ⋅ + + ⋅log

where ρdw is the dry density and C4 a constant. Regression analysis was used to fit
these equations to the data obtained. The regression coefficients for the individual
factors as well as for the total model were found to be extremely significant.
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DiscussionDiscussion

Sensor developmentSensor development

The first Au/Au sensor, which was tested in (I), was made by AB Bofors in Karlskoga,
Sweden. It was made by means of conventional thick-film technology using Au-paste
which was screen-printed onto a backing of sintered alumina. The Au-paste involved
glass as a binding agent. After the hardening process at high temperature the sensor
surface had a tendency to be covered by glass rather than gold. This made the sensor
less sensitive to moisture. In order to improve the sensitivity, the superficial glass layer
had to be removed. This was done by etching the whole sensor in 40% hydrofluoric
acid (HF) for 5 min at room temperature, thereby uncovering the gold electrodes.

Even though these sensors worked fine and displayed very good reproducibility, the
etching procedure was not very attractive for several reasons. First, working with a
fairly hazardous acid such as HF is not very pleasant. Secondly, the etching removed
the glass but simultaneously also decreased the mechanical stability of the grid. This
made it more prone to damage, e.g. when cleaned by tissue paper. Thirdly, the porosity
of the grid was anticipated to act as a trap for pollutants and dirt which could interfere
with the measurements.

The second type of Au/Au sensor was made by AME in Horten, Norway and is dealt
with more closely in (II). The pattern was of the same size and design as before but the
grid was produced by thin-film technology, which involved sputtering, electroplating
and finally etching. To enable measurement of surface temperature an integrated circuit
temperature transducer denoted AD590AN was glued onto the backing of the sensor,
between the terminals of the grid.

This second cell was used in many of the subsequent studies, e.g. (III,IV,VI). It was
noted, however, that the temperature device was far too bulky for accurate surface
temperature measurements and the fact that it was black made the measurements even
more dubious. The temperature tolerance of the transducer was also too wide which
made time consuming calibrations necessary. The grid as such worked fine for many
years in most environments, except for severe marine environments, where the life of
the sensor was less than three months. The prime reason for the failures appeared to be
dissolution of the thin NiCr-layer, presumably, which is needed between the alumina
backing and the deposited gold to get proper binding. It cannot be ruled out that the
5V excitation voltage for the temperature transducer has accelerated the dissolution by
electrolytic action via the ever present salt film.

The third type of cell resulted from a proposal presented in (28). The main
improvements included a better design of the electrode pattern which should minimise
interference between the measurements of moisture and temperature. In addition, for
surface temperature measurements a very small Pt-1000 element was chosen showing
much better temperature adaptability and tolerance than the previous version.
Preliminary experience in marine atmospheres showed that this sensor was better
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suited to cope with salt films on the surface. This sensor is the latest in use and was
produced by the Kongsberg Group in Kjeller, Norway.

Sensor characteristicsSensor characteristics

Haagenrud et al (21) studied the influence of alternating DC voltage on Cu/Cu-cells
and found that a 5-6 fold increase in integrated current resulted compared with
excitation using constant DC voltage. The influence of polarity reversal on the current
response at different RH-levels is demonstrated in detail in (I, Fig.1). The transient
response of the current, especially at high moisture loads, was attributed to the
capacitance character of the electrochemical double layer.

The principal shape of the curves in (I, Fig.1) and their relative appearance reveal that
the TOW sensor, as a first approximation, may be described by an RC circuit
containing two resistors and one capacitor (33), see Figure 1.

Figure 1. Equivalent electric circuit model for the WETCORR sensor.

Re is the resistance of the electrolyte between the electrode fingers, Rt the resistance
associated with the transfer of charges between the electrolyte and the electrode
surface and C the capacitance of the electrochemical double layer in the vicinity of the
electrode surface. The current measured by the WETCORR instrument is Iw. When a
step voltage is applied, the capacitor will initially shorten the resistor Rt and the initial
current will be relatively high or U0/Re. Depending on the time constant of the circuit,
the capacitor will charge more or less quickly and the current Ic will gradually
approach zero accordingly. The current through the two resistors in series will then be
U0/(Re+Rt). From (I, Fig.1) it may be observed that Re decreases more with increasing
moisture load than does Rt. In other words, the conductivity of the electrolyte will
have an increasing impact on the WETCORR current as the moisture load increases.

The time dependence of Iw after applying a step voltage U0 may be derived as follows.
Using the notation in Figure 1 the following five equations may be written
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which after rearranging becomes
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Equation [8] is a linear first order differential equation of the form 
dy

dt
Py = Q+  where

P and Q are constants in this case. Thus, the solution to [8] may be written as
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From the boundary condition Ue(0
+) = U0, the pre-exponential factor A may be

determined as
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The final expression for the WETCORR current Iw as a function of time is obtained by
substituting Equation [10] in [9] and then [9] in [1]
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Two of the curves in (I, Fig. 1), obtained at 89 and 93 %RH, were chosen for testing
the model, simply by trying out appropriate values for the components involved, see
Table 1. A voltage step of 200 mV (from -100 to +100 mV) was also assumed.

Table 1. Values for resistors and capacitor that approximate the recorded
WETCORR current in (I, Fig. 1) assuming the model given by Figure 1 and Equation
[11].

%RH Re , Mohm Rt , Mohm C , µF
89 4 16 1
93 0.4 40 7

The resulting response shown in Figure 2 confirms that a satisfactory agreement with
the measured curves may be obtained and that the main features of the curves can be
explained by a simple electronic circuit.
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Figure 2. Simulation of current-time curves originally measured in (I, Fig.1). The
model used is defined in Figure 1 and Equation [11].

From this exercise it may be concluded that the current measured with the WETCORR
method not only reflects the resistance of the electrolyte, Re , but also the impedance
associated with the processes occurring at the electrode surfaces following the
polarisation. However, a generalised view on the concept of TOW should be related to
Re rather than to the polarisation induced impedance. This will be further discussed
under the heading ”Time of wetness”.

It should be borne in mind that in reality neither Re , Rt nor C are constants but vary
with, among other things, the chemistry of the electrolyte, the temperature, the
electrode configuration and the applied voltage. Experience in the field of
electrochemistry also tells that the simple circuit in Figure 1 must be complemented
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with other components, both in series and in parallel, and that some of these may have
to be non-linear in order to more generally explain the response of the current. Some
evidence of the non-linearity of the current response with the change in applied voltage
was seen in (34). An experiment was done with a TOW sensor hooked up to the
WETCORR instrument described in (II). The surface of the sensor was covered with a
thick film of water. When plotting the current as a function of the applied voltage, a
straight line with a slope representing the reciprocal resistance should be obtained if
Ohm’s law is applicable. In this case, the current increased much more with the applied
voltage than anticipated from Ohm’s law, see Figure 3. The reference ratio between
current and voltage was taken at 100 mV.
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Figure 3. Influence of excitation voltage on the resulting current through a
WETCORR TOW sensor loaded with a thick film of water.

In contrast, similar test using INWOOD electrodes in wood moistened to about 30%
MC showed a constant slope in the whole voltage range studied, i.e. 25 mV - 2 V,
(VIII, Fig. 6). The reason for this difference has not been studied in detail yet but may
have to do with the difference in the interaction between the electrode surface and the
free water in the electrolyte, and the bound water in the wood cell structure,
respectively.

Effects of depositionEffects of deposition

The deposition of pollutants of various types greatly affect the response of surface
moisture sensors, as have been noted in (III,IV,V,29,32). It is also quite obvious that
exposure positions sheltered from rain are more severely affected by corrosion than
open ones, at least after longer exposures when sufficient amounts of aggressive
species have accumulated. In order to illustrate the effects of salt deposition on TOW
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for open and sheltered exposures, some feature results extracted from Norberg et al
(32) will be discussed below.

The results were recorded in January 1996 at the Water Board site at Flinders,
Victoria, Australia. This site is situated a few kilometres from the sea (Bass Strait) and
the average chloride deposition rate is of the order of 30 mg/m2day (31). Duplicate
WETCORR sensors of the most recent design were employed, as depicted in (VII,
Fig.1). The hourly average of the current was plotted against the surface RH (RHsur)
which was derived from the assumption that the vapour concentration close to the
surface is the same as that found in the bulk air:

RH T RH Tsur sur air air⋅ = ⋅v vs s( ) ( )

where vs is the saturation vapour concentration depending mainly on the temperature
T. The results are shown in Figures 4 and 5, for open and sheltered positions,
respectively. The results obtained in the open are quite scattered because the current
not only derives from the conductivity of the salt film, as determined by its
hygroscopicity, but also from episodes of dew and rain. The rain tends to wash off
most of the salt at times and the sensors resume to the original sensitivity. Still, it is
interesting to note that there seems to be a limiting surface RH below which the
current is lower than a certain value. In particular, below about 30% RH the current is
always less than 0.1 nA. The corresponding data obtained under the shelter give a
much closer relationship and in fact shows that under these conditions the WETCORR
sensor acts very much as a relative humidity sensor. Since, in this case, rain and dew
have little, if any, effect on the result, the current is directly related to the actual
moisture content of the salt film, as determined by the surface RH. Again there seems
to exist a limit around 30% RH below which the conductivity of the film becomes very
low. This limit, and particularly the shape of the curve in Figure 5, can be understood
from yet unpublished work done by the author, showing the hygroscopic properties of
sea water in relation to its composition and moisture content, see Figure 6. This figure
shows that natural sea water to a large extent behaves as a mixture of its two principal
constituents, NaCl and MgCl2, and also that a surface film of sea salt should be
considered wet as long as the RH at the surface is above approximately 30 %. This
limit is primarily governed by the relative humidity (33% RH) below which the hydrate
MgCl2·6H2O has completely dried out and, consequently, no longer conducts electric
current.

Effects of interplay between surface and ambient temperatureEffects of interplay between surface and ambient temperature

It is clear that surface temperature relative to ambient is a very important parameter in
determining TOW. To illustrate this, further examples of the data from the Water
Board site will be given in the following. Figures 7 and 8 are plots of surface
temperature (duplicate sensors) and air temperature in the open and under the shelter,
respectively. In most instances, when the air temperature is below about 17°C, the
surface temperature in the open (Fig. 7) is lower by up to 3°C. Above 17°C, on the
other hand, the difference becomes positive and increases substantially with increasing
air temperature. A similar trend is seen for the sheltered exposure (Fig. 8), the major
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difference being the much less pronounced undercooling of the surface, <1°C at
temperatures below 17°C. This is also in accordance with visual observations made in
the mornings at the mild site at CSIRO in Highett where specimens exposed in the
open were very wet, as were also the ones under the shelter that had been artificially
loaded with sea salt. The ones without salt under the shelter, on the other hand, were
never affected by any visible dew. This shows that the shelter dampens the radiation to
the cold sky and thereby decreases the undercooling.

The significance of the temperature point, 17°C, below which the surface temperature
tends to be lower than the ambient, has not been clarified in detail yet. It is clear,
however, that above this temperature the salt film on the surface of the WETCORR
sensor starts to gradually dry out. This is illustrated in Figures 9 and 10 for open and
sheltered exposures, respectively.
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Figure 4. WETCORR current vs surface RH for exposure in the open at the
Water Board, Flinders, during January 1996.
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Figure 5. WETCORR current vs surface RH for exposure under the rain shelter
at the Water Board, Flinders, during January 1996.
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Figure 6. Equilibrium relative humidity at 23-25°C for natural and synthetic sea
water in comparison with data for NaCl (35) and MgCl2 (36) at different moisture
contents.

It may also be worth noting that the current shows a maximum at this very
temperature. An obvious explanation for this would be that 17°C is the temperature
where the increased conductivity of the surface electrolyte with temperature
(according to Arrhenius’ equation) is counteracted by the decreased conductivity due
to the drying out of the film with increasing temperature. However, a closer look at the
data for RH and temperature, which are the most important variables responsible for
the results in Figures 9 and 10, shows that there are hardly any high readings of RH for
temperatures below about 15°C. The lack of readings in this range alone explains the
existence of a maximum at around 17°C. Data from one single month, as in this case,
does not represent the full spectrum of variations seen over a longer period, e.g. a full
year. Since RH and temperature by definition are negatively correlated with each other,
it may be suspected that some of the features seen in the graphs are reflections of the
natural but in this case also limited variation of these variables. Nevertheless, if the data
base should be large enough a true maximum would be found anyway but not
necessarily at 17°C but most likely a few degrees below.

Figures 11 and 12 further emphasise the importance of the relation between air and
surface temperature. The figures show the current as a function of the temperature
difference between the air and the surface in the open and under the shelter,
respectively. In the open (Fig. 11), undercooling frequently causes condensation but
this does not necessarily result in a high WETCORR current, probably because the
surface is sometimes washed by rain which subsequently lowers the sensitivity of the
sensor to variations in RH. Under the shelter (Fig. 12), on the other hand, the current
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is always at its maximum as soon as the surface temperature drops to below that of the
ambient air, even though the difference is not greater than 1°C.
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Figure 7. Surface temperature vs air temperature for exposure in the open at the
Water Board, Flinders, during January 1996.
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Figure 8. Surface temperature vs air temperature for exposure under the rain
shelter at the Water Board, Flinders, during January 1996.
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Figure 9. WETCORR current vs surface temperature for exposure in the open at
the Water Board, Flinders, during January 1996.
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Figure 10. WETCORR current vs surface temperature for exposure under the
rain shelter at the Water Board, Flinders, during January 1996.
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Figure 11. WETCORR current vs temperature difference between air and surface
for exposure in the open at the Water Board, Flinders, during January 1996.
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Figure 12. WETCORR current vs temperature difference between ambient air
and surface for exposure under the rain shelter at the Water Board, Flinders, during
January 1996.
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Time of wetnessTime of wetness

When evaluating the current-time data obtained with the WETCORR equipment, a
current criterion is normally chosen in order to estimate TOW. Typically, TOW is
based on the time for which the average current across the sensor grid exceeds, say, 10
or 30 nA. The obtained TOW should ideally reflect the time when significant
corrosion, or degradation in general, takes place on a material surface being exposed
to the same environment as the WETCORR sensor. As has clearly been illustrated in
this thesis, TOW is not as much a function of the amount of moisture deposited as it is
of the conductivity of the moisture film. Recently, Elvedal et al (37) defined a critical
current of 10 nA that should correspond to a substantial water film (~3µm) on the
sensor surface. This evaluation was made in a fairly mild environment corresponding to
corrosivity category C1 according to ISO (5). Should the same criterion be applied to
measurements in coastal or industrial areas, the deposition of salt and pollutants would
considerably increase the conductivity and, as a consequence, the same current would
be obtained for a much lower amount of surface moisture. In other words, the relation
between the current and the thickness of the moisture film cannot be stated without
taking the electrolytic conductivity into consideration. Presumably, there is also a
better correlation between corrosivity and conductivity than between corrosivity and
moisture-film thickness, particularly for natural environments.

So far, all estimates of TOW, whether made with galvanic or electrolytic cells, have
been based on arbitrary criteria. This dilemma has since long been recognised by
Mansfeld et al (17) and is also explicitly expressed in the ISO standard (5). In order to
get around this problem a more generalised TOW concept can be introduced, requiring
the use of inert electrolytic cells and a modified measuring technique.

The basic idea is to consider the measurement of surface moisture and TOW simply as
a measurement of electrolytic conductivity. This is not a major deviation from the
present situation but rather an adaptation to what is actually the case. For the sake of
conformity this modification may be called TOC, time of conduction, or in the
transferred sense for the case of atmospheric corrosion of metals, time of corrosion.

As shown in the preceding section on ”Sensor characteristics”, the response of the
WETCORR sensor to the applied voltage can give information about the electrolytic
conductivity and the nature of the electrode/electrolyte interface. The use of an inert
sensor, such as the Au/Au sensor in the present study, implies that the electrodes
involved will not significantly be influenced by corrosion. In addition, by eliminating
the impedance effects of the polarised interface, the measurement of the cell resistance
will be equivalent to a conventional measurement of the electrolytic conductivity. The
impedance associated with the electrode/electrolyte interface may be eliminated by AC
excitation of typically a few kHz or by DC polarisation during only a few milliseconds,
including reversal of the polarity. In analogy with conventional measurements of
conductivity, different cell geometries can be used and still be possible to compare via
the cell constant. For a given geometry the cell constant constitutes the link between
resistance and resistivity or their reciprocals, conductance and conductivity, see also
(VII, Section 4.1). In this way, a universal criterion for the limiting conductivity above
which the sensor should be considered wet may be selected.
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Such a criterion remains to be agreed upon but should, most likely, be related to
typical conductivities found for precipitation and dew in relatively unpolluted
environments.

The time of conduction, TOC, may thus be defined as the length of time when the
electrolytic conductivity is greater than x µS/cm, as measured on the surface of an inert
electrolytic cell in thermal contact with the substrate material.

As an example, the typical WETCORR cell as described in (II, Fig. 2) consists of 60
alternating finger electrodes. The length of the fingers is 14 mm, the width of the gap
between them 127 µm and the thickness 1.5 µm. This cell is approximately equivalent
to an imagined pair of electrodes that are 1 m wide, 1.5 µm high and separated by a
distance of 127 µm. At 100%RH the thickness of a moisture film is about 1 µm. This
is slightly less than the depth of the gap between the electrode fingers. The
conductivity of pure water at 20ºC is 0.042µS/cm (38) whereas the typical
conductivity for precipitation collected in Stockholm is 25µS/cm (29). This is more
than 600 times higher than for pure water. The resistance, Re , expected for the
WETCORR sensor immediately after each polarity reversal can be estimated from the
geometry (VII, Section 4.1) and from the conductivity values given above. Then, from
Ohm’s law, the initial transient currents may be estimated at 3.3 nA for pure water and
almost 2000 nA for the typical precipitation. These values agree fairly well with the
observations made of the average currents obtained in the different measuring projects
considering the fact that the transients exceed the averages by at least one order of
magnitude.

Implications for dose-response relationsImplications for dose-response relations

Strange though it may seem, temperature is very seldom included in dose-response
functions which are supposed to express synergistic effects of air pollutants and
atmospheric conditions on the corrosion rate of metals (39,40). This is particularly
remarkable since electrochemical reactions in bulk electrolytes are known to be highly
temperature dependent. A likely explanation may lie in the fact that the limited
availability of data in the past has implied that parametric rather than physical/chemical
models have been used in the regression analyses made, and which tend to show that
temperature seldom display any strong correlation with atmospheric corrosion rates. A
few investigators, however, have demonstrated that temperature has indeed a very
strong impact also on atmospheric corrosion phenomena. Grossman (9) further
analysed the data of Guttman and Sereda (41) by calculating the corrosion rate on the
basis of TOW rather than the total exposure time. These results were based on TOW
obtained with galvanic cells and monthly readings of weight loss of steel plates
exposed for 24 consecutive months at six different sites. By plotting this modified
corrosion rate versus the temperature of the test panels for the same period as that
associated with TOW, the effect of temperature clearly appeared, see Figure 13.

This strongly suggests that measures of corrosion with advantage may be evaluated for
periods when corrosion actually takes place. Thus, TOW seems to be an important
parameter in making a distinction between corrosive and non-corrosive periods.
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Now that TOW is defined on the basis of electrolytic conductivity, there is a remaining
problem of determining the severity of TOC in different environments. For example, a
TOC

Figure 13. Corrosion weight loss during TOW as a function of panel
temperature. Comparison of six test sites (9).

of 30% in an industrial or marine environment is by far more severe than the
corresponding time in an unpolluted area. In this context the analysis by Grossman (9)
may give inspiration to further development of dose-response relations. In the original
approach proposed by Guttman and Sereda (41) TOW is incorporated in a parametric
model of the type:

y = a·Ab (B + c)

where y = mass loss, g
A = TOW, days
B = [SO2], ppm, Cl- dep, mg/m2day, or temperature, F
a, b and c = constants

This model has served as the prototype to numerous models of similar character that
have evolved over the years (39,40). Most of them concern corrosion of metals and
alloys but a few have also been developed for stone and paint. However, none of these
have turned out to be particularly successful. Grossman (9) showed that the
dependence of corrosion on factors like temperature and SO2 may be disclosed by
systematising the data in an adequate way. More explicitly, Grossman’s approach may
be expressed in the following way:

Surface condition Corrosion model
”wet” y = F(surface temp)·G(pollutant)
”dry” y = 0
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where F is a function describing the temperature dependence, e.g. an Arrhenius type of
relationship, and G represents a temperature independent dose-response function. In
the general case, however, the corrosion model may be anything from a regression
model to a physical/chemical model describing the dose-response relationship. The
total mass loss over a given period is the sum of the mass losses resulting from the
individual wet periods.

Three important differences are favourable to this new approach compared with the
traditional:

1. The temperature dependence is explicitly incorporated in the corrosion model.
2. TOW is not explicitly involved in the model for mass loss, but is used to

discriminate wet and dry periods from each other, i.e. to determine when the ”wet”
and ”dry” models, respectively, should be used for calculating the mass loss.

3. The corrosion model may be described by physical/chemical relationships reflecting
the actual degradation processes occurring on the surface.

In addition, TOW should not be measured according to ISO 9223 (5) but with a direct
electrochemical method, as discussed previously. As was also indicated earlier, the
corrosion model for the wet period must not necessarily be one and the same for all
types of wet deposition. For instance, different expressions for the mass loss may be
needed depending on whether or not it is raining, or whether the exposure is
permanently sheltered or not. The present model can also be made into several discrete
functions that are applied depending on the actual climate and pollution situation. A
model may also have to change character if the corrosion mechanism changes with
time, e.g. due to the formation of protective layers of corrosion products on the
surface. Cole and co-workers (42-45) have recently published work relevant to the
development of such models.

Meteorological and pollution monitoring stations will be more and more important as
sources of data for input in calculations of this type. In addition to TOC, some models
might even require that new variables be measured on a regular basis, e.g. surface
temperatures for different materials and different colours in different directions in
relation to the open sky.

Moisture measurements inside materialsMoisture measurements inside materials

Several common building materials are porous or even hygroscopic, e.g. solid wood
and wood-based products, plaster-board, concrete, autoclaved aerated concrete,
rendering, coatings, etc. The performance of these materials is in many respects related
to their moisture content. The ability of the WETCORR equipment to measure fairly
low currents (0.1 nA) on excitation by a constant voltage (0-2 V) and with polarity
reversal every 30 seconds, also makes it suitable for monitoring of moisture-induced
variations of resistance or impedance via electrodes mounted in direct contact with
various materials. The theoretical approach that was derived in (VII) for wood is valid,
in principle, also for any of the other materials mentioned. Traditionally, however,
wood has been the most common material to which resistance methods have been
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applied. This is partly because wood is relatively soft and electrodes are fairly easy to
install at an arbitrary depth. Another reason is that the variation in resistance between
different wood species or different specimens is not that large and can be systematised
to an acceptable degree.

The versatility of the WETCORR equipment in measuring wood moisture content was
first demonstrated in the PROWOOD study (VI) concerning moisture monitoring of
wood panels and coatings for wood. In addition to conventional nail-type electrodes
driven to different depths in the wood, Pt-wire electrodes were mounted in the top-
coat. The results after 16 months were very promising and the exposures have now
reached more than 4.5 years. Unfortunately, it has not yet been possible to make a
second evaluation after this long time.

Recently, further development of measurements in solid wood has taken place in the
WOOD-ASSESS project (VII,VIII). The concept developed, called INWOOD, has
also been tried out in the field as reported by Eriksson et al (46). Future refinement of
the electrode system is required for three reasons. First, the screw-type electrode is
unnecessarily big for many applications and a problem with heat exchange between the
measuring point in the material and the exterior climate is likely to occur. The possible
effects of this has not been studied but the aim should be to make the electrodes
smaller and less exposed to the exterior climate. In addition, this would make it easier
to place the electrode tips closer to the surface of a facade, for example. Secondly, the
screw makes the actual area of the electrode surface not very well defined which is
necessary for accurate wood moisture estimates (VII). Thirdly, the positioning of the
temperature probe should better match the depth of the electrodes where the moisture
readings come from.

All measurements of moisture content in wood using resistance methods are influenced
by the cell constant for the actual measurement set-up. In general, this fact seems to be
neglected by most investigators. This may cause errors in the measurements for certain
geometries, as was demonstrated by Grahn (47). For example, it is fairly common in
the scientific literature that graphs or mathematical expressions present the resistance
as a function of MC. Such data are generally not comparable to similar data made by
other investigators unless the same equipment has been employed. Comparison can
only be made if the resistance is transformed into resistivity, which is the actual
material property variable to be determined and which is independent of geometry.

The only limitation with the present version of WETCORR equipment, when used for
measurement of moisture contents inside materials, concerns the fact that the four
measuring channels in each sensor adapter have a common electric ground. The
electric resistance of the building itself is negligible compared to the resistance that
results from the geometrical effect close to each electrode. This means that
interference between the different channels is impossible to avoid, no matter what the
distance between the channels would be. Consequently, only one electrode pair can be
mounted in direct contact with a substrate, unless each pair is mounted in separate
objects that are electrically isolated from each other. Such measures were taken in the
PROWOOD study (VI) but are generally impossible to apply in connection with
moisture content surveys of building surfaces (VII).
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Ideas for future workIdeas for future work

As a direct consequence of the work that has been presented in this thesis the
following directions for future studies are suggested:

The function of the Au/Au sensor is known only through the measurements done with
the WETCORR equipment, which means 100 mV excitation with polarity reversal
every 30 seconds. The equivalent electronic circuit of the sensor suggests that, by
modifying the measuring principle, additional information about the electrolyte as well
as the electrode/electrolyte interface may be obtained. Consequently, it would be of
great interest to study the response of the Au/Au sensor in different pollution
environments using AC impedance techniques.

The significance of the temperature (17°C) observed to give the maximum WETCORR
current for a one-month measurement has not been fully clarified yet. Qualitatively, a
maximum should be expected but at what temperature? What are the determining
factors behind the maximum? How does it vary with time of the year and exposure
location? What are the implications for corrosion? In the data bases from the different
field measurements there are several years of data from various environments that
could be used to shed more light on these issues.

A suitable conductivity criterion for the generalised definition of TOW, called time of
conduction, TOC, should be agreed upon. TOC should also be validated by applying it
in evaluations of dose-response relations, either in existing programmes if possible, but
preferably in new exposure projects where measurements of all the necessary variables
may be done from the start.

The PROWOOD study was evaluated after only 16 months of exposure. This is a very
short time for a programme intended to study the long-term moisture situation in
coated wood panels. Fortunately, some of the measurements have continued
uninterruptedly for more than 4 and a half years by now. A renewed evaluation would
be of great interest, not only with regard to the performance of the coatings tested but
also to the different types of sensors that are in operation, e.g. the Pt-wire electrodes
embedded in the top coat.

The influence of the dry density of wood on the WETCORR INWOOD current was
observed with a very limited range of wood species and densities. Confirmation of
these findings in a more general sense would require a larger survey comprising more
specimens and larger spread in densities and species.

The influence of geometry, with regard to electrode design and configuration, size and
shape of the wood samples, etc., on electrical measurements of moisture content
should be further investigated. Numerical solution of Laplace’s equation for some
typical measuring geometries and electrode configurations would be of great
importance and would also have implications for standardisation in this field (48).
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Further development of the WETCORR INWOOD electrodes, including the
temperature sensor, would be needed to eliminate uncertainties regarding the surface
area of the electrode and also the possible influence of the exterior climate on the
measurements. In addition, the temperature sensor should be integrated, somehow,
with the moisture electrodes to avoid systematic deviations between the temperature of
the actual probe and the moisture electrodes.

From a more generic point of view there is need for setting up new types of data bases:

Weather data are normally averaged to become climatic data. However, averages are
seldom of any great help in explaining various degradation phenomena. To become
useful for the development of dose-response functions and performance over time
functions the variables involved need to be systematised in a more adequate way.
Recognition of patterns and features in the daily, seasonal, and yearly cycles
represented in the data would be very helpful in this context. Ideally this information
should be expressed as statistical distribution functions, not only of a single variable
but rather of two or three variables simultaneously. Also graphical representation of
the data can give important information that in turn can give inspiration to future
modelling work. Some attempts in this direction were presented in (V) where daily and
seasonal features were beautifully demonstrated in graphical form.
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ConclusionsConclusions

The WETCORR technique has been developed into a versatile tool for making
microclimate measurements in the built environment. The present version of the
equipment can accommodate up to 64 surface moisture grids and just as many
temperature sensors. Three generations of surface moisture sensors with impedance
grids of gold have been tried out in the laboratory or in the field. The latest version is
considered very suitable to estimating surface moisture loads and times and
simultaneously to give a reasonably correct value of the surface temperature. The
corrosion resistance of the integrated moisture and temperature sensor has also
improved considerably.

The function of the Au/Au- type sensor under controlled conditions in the laboratory
as well as in the field studies have shown very good reproducibility. The working
principle of the moisture sensor can be described by a simple equivalent electric circuit
which helps explaining the transient character of the measured WETCORR current on
excitation. This transient is attributed to the electrolytic conductance of the moisture
film on the surface of the sensor grid. The asymptotic DC current, on the other hand, is
the result also of electrode/electrolyte reactions. Measurement of moisture conditions
and TOW should most likely be associated with the conductance of the electrolyte. To
improve the sensitivity of the method with regard to moisture detection, AC excitation
or short pulses of DC may be used to eliminate the capacitive properties of the cell.

There are numerous examples given of the limitations of the ISO 9223 standard for
estimating TOW. First, corrosion is not limited by temperatures below 0°C. Secondly,
in most exposure environments, deposition of pollutants and salt will generally lower
the RH above which wetting of the surface occurs due to the hygroscopicity of the
deposits. For marine environments it is shown that the surface film remains conducting
down to a surface RH of around 30%. This phenomenon is most pronounced for rain
sheltered positions. Thirdly, radiation exchange between surfaces and the environment
is not considered. Differences in temperature between a surface and the surrounding air
may be considerable and cause both evaporation and condensation.

A generalised definition of TOW is proposed which takes into account the conductivity
of the moisture film rather than its thickness. Under the assumption that significant
degradation by corrosion or any other moisture related mechanism cannot occur below
a certain conductivity, a universal criterion for TOW can be defined. This modified
TOW is called time of conduction or time of corrosion, TOC, and is defined as the
length of time when the electrolytic conductivity is greater than x µS/cm, as measured
by an inert moisture sensor in thermal contact with a substrate material. The exact
value of the limiting conductivity remains to be agreed upon. In compliance with
conventional measurements of conductivity, any cell can be calibrated by determining
the cell constant for the electrode configuration in a standard electrolyte.

The adoption of the TOC concept makes possible a more strict separation of time into
”wet” and ”dry” periods. In other words, TOC can be used to discriminate between
periods when different dose-response relations should be applied to describing the
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degradation. This also implies that modelling of dose-response relations would not
have to include TOW in the actual models.

The WETCORR technique has proven to be very useful also for measurements of MC
in wood, a measurement concept that has been named INWOOD. The equipment can
be used for monitoring of wood moisture content, from about 13% up to at least fibre
saturation (~30%). By designing different types of electrodes almost any porous or
hygroscopic material can be measured for its MC using the WETCORR technique.

The general principles and theoretical considerations for wood moisture measurements
have been reviewed, including the derivation of semi-empirical relationships describing
the dependence of resistivity on MC, temperature and dry density of wood.

The only limitation with the present version of WETCORR equipment in relation to
measurements of MC in e.g. wood is that all four channels in each sensor adapter have
a common electric ground. This will inevitably cause interference between the four
channels unless they are connected to four separate test pieces. When measurements
are made in buildings, only one moisture channel per adapter can be connected in order
to get reliable results.
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