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1. Introduction

The museum environment has a number of components, including temperature, relative
humidity, light, vibration, pollutants, and particulates. Of these factors, the optimal value
for vibration, pollutants, and particulates is zero. If objects are light sensitive, then light
should be reduced to the minimum amount of visible light required for proper viewing (and
preferably only during viewing). Temperature and relative humidity differ from the other
environmental factors in that they are interdependent, and their effects are much more varied
and complex. A temperature or relative humidly acceptable for one object may be disastrous
for another. Since temperature and relative humidity must be optimized rather than
eliminated, satisfactory values or ranges must be determined and maintained.

Values for temperature in the general museum area (as opposed to storage) are restricted to
the relatively narrow range in which people are comfortable. Thus relative humidity is the
major variable of the museum environment for which there is no obvious optimal value or

range.

Relative humidity affects the preservation of objects in many ways. It affects physical,
chemical, structural, and optical properties, and even the physical state of materials. It
determines the rate of many chemical reactions, and whether biological attack might occur.

It affects the rate at which pollutants or contaminants can attack a material. It even affects
the building structure itself if temperature differences cause condensation within the external
fabric of the building. Changes in relative humidity also have effects, producing dimensional
changes in hygroscopic materials which can result in strains, stresses, plastic deformation, or
fracture.

Each of these factors may be more or less important for a specific type of material, and each
material will be affected differently. As a result, considerations of different individual
factors may suggest different optimal values or ranges of relative humidity, even for the
same material. Research into the different effects of relative humidity leads not to an ever
more accurate determination of the one optimal value, but to more or less overlapping, or
even conflicting, recommendations [1]. Thus, no matter what value or range of relative
humidity is chosen for the general museum environment, there always will be some objects
which require either tighter control or separate and different conditions. Conditions other
than those of the general environment can be provided through the maintenance of
appropriate microenvironments.

This paper presents some of the considerations relating to the determination of suitable
conditions of relative humidity in the general museum environment. In addition, some
considerations relating to specialized storage environments also are presented.



2. Classes of materials

Materials in the museum can be roughly separated into four different classes: those which are
insensitive to relative humidity, those which require low relative humidity (possibly below a
critical value), those which require RH values within a specific range, and those which
respond to differences in RH throughout the RH range.

2.1 Materials insensitive to RH

The class of materials which are insensitive to RH includes many inorganic materials: most
ceramics and glasses and some metals. These materials are dimensionally stable with
changes in RH, and are either chemically unreactive under any reasonable conditions or
reaction is so slow as to be negligible. For example, some ceramics theoretically can
re-hydrate, but do so very slowly so that changes can be ignored.

2.2 Materials requiring low RH

Degradation processes of a number of materials start or speed up as the RH is raised. Such
processes include the corrosion of metals such as iron and bronze, and the oxidation or
hydrolysis of minerals such as pyrite. In some cases, reaction stops or is negligible below
certain values of RH. For example, Scott found that the corrosion process of chloride
contaminated bronze known as "bronze disease" is inactive below about 46% RH [2].
Waller determined that the rate of oxidation of pyrite speeds up with increases of RH within
the range 10 to 60% RH, above which the rate levels off. At values below about 30%, the
reaction rate eventually slowed and approached zero [3]. Some alkaline glasses are sensitive
to RH, with sodium and potassium hydroxides forming and leaching from the glass
(eventually to form carbonates by reaction with carbon dioxide in the air) under typical
museum conditions. Low RH slows the process, but it is not clear whether keeping the glass
below 44% RH (to keep the carbonates from deliquescing [4]) or even 5% RH (to keep the
hydroxides from deliquescing [4]) will totally prevent the process of degradation.

Many materials are impregnated with deliquescent salts. These may have been introduced
deliberately (some textiles were salted and worked at high RH where they are soft and
lubricated as a result of the presence of salt solutions), or acquired unintentionally as the
result of burial or submersion. If the RH is above the value at which such salts deliquesce,
they absorb water vapor from the air to form mobile electrolytic solutions. The presence of
such solutions can contribute to reactions such as corrosion [5] or hydrolysis, or increase the
susceptibility to pollutants [6].

For materials described in this section, low RH is required. Some materials require an
environment as dry as possible, while others are unreactive and insensitive to RH and
dimensionally stable as long as the RH is below a certain value. Many such materials,
however, require drier conditions than are suitable for general collections. Such materials
are best kept in separate low RH areas, or in dry microenvironments.



In addition to exhibited and stored objects, the museum building itself may require an RH
below a certain value. If the outside temperature is below the dewpoint of the interior air,
then condensation may occur in the exterior fabric of the building. This can result in rotting,
staining, rusting, spalling, dripping, and other problems. Ideally, the dewpoint of the
interior air should be below the temperature of the exterior air. This would result in
extremely low interior RH values during cold weather in temperate and cold climates,
however. Approaches to the problem include strategies such as vapor barriers, reduced
interior temperatures and pressures, and other measures to minimize problems while still
maintaining acceptable interior humidities.

Another factor, mold growth, places an upper boundary on RH. Mold growth is likely
above about 75% RH, but ceases to be a factor below about 60% RH [7].

2.3 Materials requiring a specific RH range

The number of materials requiring a specific RH range is quite small, restricted mainly to
mineral hydrates which incorporate water into their crystalline lattice. These minerals are
stable only within certain compound-specific RH ranges, losing water and powdering at
lower RH, or gaining water and decomposing or dissolving at higher RH. For example,
magnesium sulfate can exist as the anhydride, or as the mono-, di-, tetra-, penta-, hexa-, or
heptahydrate, depending on the RH. Waller has compiled the stability ranges for a number
of minerals [8]. Such materials must be kept in separate microenvironments if the overall
RH is not maintained within their range of stability.

2.4 Materials responsive to RH throughout the RH range

Most organic materials are sensitive to differences in RH throughout the RH range. This can
be illustrated by a typical moisture absorption isotherm for cellulose shown in Figure 1.
There is no range over which the moisture content remains constant. Any change in RH
produces a change in moisture content. This leads to changes in chemical reactivity,
structural and physical properties, and dimension. These effects in turn can result in changes
in stress and strain, possibly leading to plastic deformation or fracture. Any attempt to
determine an optimal value or range for such a material (or composites which incorporate it)
must take all of these factors into account. The RH range chosen often is a compromise.

Cellulose, which is the structural component of a large number of museum objects, provides
an example of the way these factors can be taken into account in determining an appropriate
or optimal range for hygroscopic materials. The first step is considering the nature of
absorbed water in hygroscopic materials.

2.4.1 Water in cellulose

Cellulose contains a large proportion of polar, reactive groups, specifically the hydroxyl
groups of the glucose molecules which are the building blocks of cellulose. These groups
can form hydrogen bonds to, and bind very tightly with, water molecules. Cellulose at very
low RH contains little or no water, but as the RH is raised cellulose rapidly picks up water.



This accounts for the steep curve of the isotherm at low RH in Figure 1. This "bound"
water absorbed at low RH is held very tightly by the reactive groups, and in fact can be
regarded as part of the structure of the cellulose "matrix". The isotherm curve flattens out
once the reactive sites are covered, and cellulose absorbs water at a much slower rate as the
RH is raised through the middle range, i.e. cellulose is less responsive to RH change in this
region. As the RH is raised further, capillary absorption increases and the rate of absorption
with RH change increases. Capillary absorption in fact occurs throughout the RH range, but
is most important at higher RH (above about 50%). Water absorbed through capillary
action, so-called "free" water, is not tightly bound, is mobile, reactive, and behaves much
more like liquid water. Bound and free water can be differentiated by methods such as
thermodynamic studies of the heat of absorption of water. Figure 2 separates the isotherm of
Figure 1 into bound and free water.

2.4.2 Reactivity of cellulose vs RH

The main reaction of cellulose under "normal" conditions is the hydrolysis of the cellulose
chain. This process involves the reaction of water with cellulose to split the cellulose chain
between glucose units. This type of reaction is dependent on RH. In Figure 3 the rates of
several such reactions are plotted vs RH, along with curves fit to the data [10]. It can be
seen that the rates of the reactions correlate with the amount of free water from Figure 2,
which is also plotted. Thus the hydrolysis of cellulose can be reduced to minimal levels by
reducing the relative humidity. '

At low RH, crosslinking of cellulose occurs. This is due at least in part to the uncovering of
the reactive groups with the loss of bound water. In addition, the loss of bound or structural
water can lead to collapse of the pore structure and inter-fibrillar interstices of materials such
as paper and wood, along with reductions in reactivity as accessibility of the cellulose
molecules is reduced. Changes induced by severe drying are only partly reversible, and are
less so if crosslinking is allowed to continue for a long time.

Thus, the reactivity of cellulose is minimized by reducing the RH to the point at which most
of the free, reactive water is removed, but enough bound water remains to cover the reactive
groups and prevent crosslinking and structural collapse. This minimum occurs somewhere
around 30% RH (isotherms vary depending on factors such as percent crystallinity and
processing of the cellulose). Since the isotherm is relatively flat just above this point,
though, the RH can be raised up to 50% or so without significantly increasing the reactivity
of the cellulose ("significantly" being a relative term, in this case a factor of two or three, as
compared to the large increases which occur at very high RH). Thus, considerations of the
chemical reactivity of cellulose lead to a recommended range of 30-50% RH, which is the
relatively flat portion of the isotherm.

2.4.3 Physical properties of cellulose versus RH
Of the basic physical properties which are important in determining how easy it is to cause

damage at constant RH, three can vary with changes in RH. These are the modulus
(stiffness), strain-to-yield (deformation required to cause permanent distortion), and strain-to-



failure (deformation required to cause fracture or breakage). Absorbed water affects these
properties by acting as a plasticizer. Figure 4 plots the modulus of tulip poplar in the
cross-grain (primarily tangential) direction. The modulus is relatively constant up to about
50% RH, then falls off rapidly, losing two-thirds of its maximum value by 100% RH. This
behavior indicates that it is primarily the free absorbed water which acts as a plasticizer and
affects the stiffness. This material exhibits relatively little change in stiffness in the range
below 50% RH, which includes the 30-50% RH range suggested from the considerations of
chemical reactivity. In this relatively flat portion of the isotherm, there is little change in
water content, thus little change in these properties.

Similar conclusions result from a consideration of the strain required for failure. Figure 5
plots both the strain-to-failure and strain-to-yield of cottonwood in the (primarily) tangential
direction. The strain-to-failure (amount of stretching required to cause fracture) is relatively
constant (between 1 and 2%) up to about 80% RH, above which it increases dramatically.
Again, there is relatively little difference in a wide range which includes the 30-50% RH
range. However, the prevention of total failure is not stringent enough a goal. Permanent
distortion can be avoided by not exceeding the strain-to-yield, which is relatively constant at
about 0.004 (0.4%). Deformations less than this are elastic, with the material returning to
its original shape and size once the deforming force is released. Absorbed water seems to
have little if any effect on this property.

These data dispel one myth, which is that materials are necessarily brittle and/or stiff at all
low RH values. This idea may have resulted from the fact that the crosslinking of materials
stored at very low RH (less than 20-30%) can result in reduced strain-to-break, which can be
interpreted as brittleness. In fact, as long as very low RH is avoided, important physical
properties are relatively insensitive to RH within the flat portion of the isotherm.

2.4.4 Effects of RH fluctuations on hygroscopic materials

Cellulosic materials absorb and desorb water and consequently change dimension as the
relative humidity changes. If a material is unrestrained, this absorption and desorption is
reversible in a reasonable range of relative humidity, and a material simply expands and
contracts with changes in relative humidity. It is only when a material is restrained, either
internally or externally, that this tendency to change dimension can cause stresses and
resulting damage. If the relative humidity is reduced, wood will try to shrink. If it is held
in a rigid metal frame and prevented from shrinking, stresses develop. If these stresses are
large enough, they result in permanent deformation or breakage.

Figure 6 shows stress-strain curves for a piece of cottonwood at various relative humidities.
Such data is typical for the many materials that have been tested by the authors. Applying a
force (moving up the vertical axis) stretches the sample (moving to the right along the
horizontal axis). Changes in dimension also can be produced simply by changing the RH
with no force involved. This involves moving along the horizontal (zero stress) axis, which
is why the stress-strain curves for different values of RH start at different positions along the
horizontal axis. The curves are separated by the change in length due solely to changes in
RH. The beginning of each curve is linear. This linear section of the curve represents a



region in which deformation is reversible and elastic.

How do these tests, conducted at constant RH, relate to effects caused by changes in RH?
Figure 7 is a detail of Figure 6. The worst case assumption is that a sample is fully
restrained and not allowed to change dimension or respond to changes in RH. If the RH is
reduced from 48%, the sample tries to shrink, but cannot. Stress develops. This is
equivalent to moving vertically, staying the same length but with increasing stress. If the RH
is reduced to 23%, the plot ends up at a point on the 23% RH stress-strain curve. This
demonstrates a fundamental principle found to be true for all of the materials tested [12].
The stress in a sample is a function of the final conditions of strain and RH; the path to a
specific condition does not matter. Keeping the dimension constant and lowering the RH
results in the same stress as allowing the sample to shrink freely as the RH is lowered, and
then stretching it to the original length. This means that the effects of RH changes can be
calculated from a series of stress-strain tests conducted at constant, but different, values of
RH. The only additional information required is the change in dimension caused by changes
in RH. Measurements of the changes in dimension caused by RH changes, as well as the
amount a material can be reversibly stretched, allows the calculation of the RH fluctuations
which can be allowed without irreversible deformation or fracture [11-22].

An example of a plot of allowable RH fluctuations (for cottonwood) is illustrated in Figure 8.
These calculations are for the worst case, i.e. full restraint and full response to the change in
RH. If the material is not restrained, or the exposure to the RH extremes is not long enough
for full response of at least the outer layer to occur, then even greater fluctuations are
required to produce damage. The rate of the change in RH does not affect these allowable
fluctuations. Rapid fluctuations (within the allowable range) which allow less than full
response do not produce stresses and strains which exceed the elastic limit. As shown in the
plot, stress-free cottonwood at equilibrium at 50% RH can be restrained and then exposed to
conditions with the RH as low as about 31% or as high as about 68% RH without producing
damaging strains and stresses. Fracture does not occur until the RH is lowered to below
15%. An interesting feature of the plot is that the allowable fluctuations are not uniform, but
depend on the starting relative humidity. Not surprisingly, the greatest allowable fluctuations
are in the 30-60% RH range, the flat portion of the isotherm where the wood is least
responsive to changes in relative humidity. If there is no response, there is no mechanism
for environmental mechanical damage. Similar measurements and calculations for a wide
range of materials (not just cellulose) yield similar results, with allowable fluctuations of
around +15% or more in the moderate RH range. These calculations refute another myth,
that objects at high RH can more readily "equilibrate” to RH changes. In fact, allowable
fluctuations are small at high RH because hygroscopic materials are very responsive to RH
changes in that region. Any so-called "equilibration" at high RH to other than small changes
likely involves irreversible plastic deformation (damage).

2.4.5 Effects of RH changes on composite materials
If the material properties of the components of a composite structure are known, similar

calculations of the overall response of the composite, and the strains and stresses induced at
each point, can be made [11,17-22]. Figure 9 shows the swelling coefficients of the layers



of a typical panel painting. In the moderate (30-60% RH) range, the materials respond to
RH changes similarly, and the materials shrink or swell together, producing little or no stress
in the individual layers. At low (below 30%) or high (above 70%) RH, the wood and gesso
layers respond much more to changes in RH than do the other layers. The massive wood
layer controls the response of the composite. At high RH, the wood swells and stretches the
paint layer, while at low RH the wood shrinks and compresses the paint. Thus, RH-induced
cracking of the paint, if it occurs at all, is caused not by low RH, but by high RH, while low
RH can result in buckling and cupping of the paint layer. A more detailed discussion of such
calculations can be found in the references [11,20-21]. In general, the allowable fluctuation
of a composite is at least as great as that of the most RH-responsive material. Most
materials have at least a +15% RH allowable fluctuation when equilibrated to moderate RH.
A collection equilibrated to 45% RH can be allowed to fluctuate between 30 and 60% RH.
Other considerations, such as chemical stability, favor keeping the RH at the low end of this
range. Again, it must be emphasized that these calculations of allowable fluctuations are
based on worst case considerations, and many materials and objects can be subjected to even
greater fluctuations without sustaining mechanical damage. '

3. Conditions other than room temperature

An underlying assumption is that museum collections, with few exceptions, are stored,
exhibited, and studied at room temperature. This is unfortunate, because the increases in the
chemical stability of most organic materials possible with cold storage are much greater than
those which can be achieved by modifying the relative humidity within a reasonable range.
For instance, Figure 3 shows that lowering the RH from 60 to 30% can reduce the rate of
degradation of paper by a factor of three to five times. In the same study, a determination of -
the activation energies of these reactions showed that their rates could be approximately
halved by each 5° C reduction in temperature [10]. Lowering the storage temperature from
room temperature (20° C) to -15° C (a temperature achievable with standard single-stage
mechanical refrigeration) produces over a hundred-fold increase in expected chemical
stability.

Physical considerations are the main factor in determining whether a material or object can
safely be stored at low temperature. Temperature changes produce dimensional changes, and
therefore are capable of producing strains and stresses much as changes in RH. An approach
similar to that used in determining the mechanical and physical effects of changing the
relative humidity can be used to evaluate the effects of temperature [14-15, 18-19, 21-22].
Measurements of properties such as the thermal expansion coefficient, and modulus, strain-
to-break, and strain-to-yield as a function of temperature can be used to calculate the effects
of temperature changes. Other subtle factors also must be considered. These include glass
transitions which can change physical properties, and shifts in the isotherm which can change
the equilibrium moisture content even at constant RH. The complex relationship between
temperature, pressure, relative humidity, and moisture content was demonstrated by a study
of the behavior of photographic gelatin [23].

Deviations from "room temperature" are practical only in storage areas or specialized
microclimate exhibit cases. Cold storage also presents challenges of design and access.



Nevertheless, cold storage can be integrated effectively with overall museum energy cost
objectives and reasonable policies which balance the conflict between preservation and
access.

4. General recommendations for RH settings

It is clear from the previous discussion that there is no one ideal RH for the general museum
environment. This is made clear in Figure 10, adapted from [1], which provides a
comparison of the ranges suggested by various factors. An environment maintained between
30-50% RH may be the best general compromise. The RH could be allowed to vary (at any
rate) within this region with little risk of damage. However, any overall setting must be a
compromise, and there will always be exceptions which will have to be treated separately,
either buffered to reduce RH fluctuations or housed in a microenvironment with a different
RH. As shown in the section on RH fluctuations, objects conditioned to high RH are
susceptible to damage if exposed to low RH environments. Metals such as bronze and iron
should be kept in the dry end of the 30-50% RH range, if not drier.

The costs of maintaining both the general and specialized environments also must be
considered. The installation and running costs of equipment and facilities designed to
maintain "constant" conditions can be prohibitive. Allowing both short-term and seasonal
fluctuations in the environment can greatly reduce costs. For example, allowing the RH to
drop to 30% in the winter and rise to 50% (or even 60%) in the summer may reduce the
running costs of humidification and dehumidification, and may even eliminate the need for
large capacity or multiple stage systems.

Setting the RH range and determining the exceptions requires an understanding of the effects
of RH as well as a thorough knowledge of the materials in a collection, the ability to
determine which objects and materials must be treated differently, and an understanding of
the costs and problems involved in maintaining specific environments.
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Figure 1. Moisture absorption isotherm of cotton. From [9].
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Figure 2. "Bound” and "free"” water absorption of cotton. From [9].
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RELATIVE HUMIDITY STABILITY ZONES

Biological attack

Physical
properties

Deliquescent salts

Building
condensation

Bronze disease

Cellulose

Protein

Pyrite oxidation

Unstable glass

Mineral hydrates

Figure 10. Ranges of relative humidity suggested by consideration
of various factors. Adapted from [1].



