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Chemical, physical. and mechamical
properties of paper atfect decisions
regarding it care and treatment,
C|'|:||1gL'.\ BUED LIRE L Properies
ngluding stiffness, strengly, amd
elasticity are exaniined vsing both
naturally and artfclly aped sanples,
These properoes are detenmmined as a
function of cnvirenmental conditons
for new and aged samples. The rate
and mature of chemical degrdation
processes as a function of enoron-
ment are corrclared with changes in
phiysacal propentic. The resles of
]Flpm]_'ll,'iah_' JL'U"I{HTL"I!I.I Jgi"g I'IHH‘H—
tons correlate with those of maueal
aging. The results can be used 1o
derermane physically safe ranges for
the stomge of paper armiface, and
indicate how conditions within this
range affect the mte of changes over
ume.
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Introduction

The “aging”™ of a matenal such as paper generally refers to the changes that take
place slowly over time. This is distince from changes resulting from catascrophic or
short term events such as fire, looad, or abruse, as well asactive wse olan object. Such
changes are more Iikely to be referred to as wear or damage. In either event, many
of these changes affece the care and treamment of objecs. The way in which an
ohject 15 displaved, the conditions in which it is stored, and decisions regarding it
rreatment are based on perceptions of the condition of the object, such as how
streng and flexible 1t 15, as well as on how it & thought to react to changes o s
envirenment. In order o make appropriate decisions regarding che care and
reatrment of paper objects, one must undeestand how the relevane properiies of
paper change aver ime and how these changes should affect any recommendations
that may be made.

For example, an item perceived to be extremely fragile would almost cortamly
be stored or displayed horizonmally. Storage and display conditions are often kept
at moderate (45-553%) conditions of relative bumidity becawse it is thooghr thar
aged paper is stiffer and more brictle at leaw homidities and cannot be landled safely.
In somne Bcilities, paper 18 stored at lower relative humidities to increase is
chemical stability, but when brought out of storage is cquahbrated o g mederte
reladve humidity before handling . The primary physical and mechanical
properties that affect such decisions are stiffness, strength, elasticity, and plastcicy,
How do such properties change over time, and how are they affected by changes
in envirommental conditions?

Paper 15 a Bbrous material, with each Gber composed of bundles of cellulose, a
polymer of glucose. lis overall physical properties depend on the physical
properties of the fbers, the armangement of the Abers, and the degree of interacrion
and attachanent of the fibers. The primary mechanism of chanpes in thess
properties during aging is the chemical degradation of the cellulose molecules
Correlating the physical and chemmcal changes in cellulose would help to under-
stand the changes thar ake place dunng the aging of paper.

Approaches to measuring changes in paper over time

There are roeo ways to examune the changes in paper that occur over long periods
of time (“long” meaning longer than one is willing to wait for resules of namral
aging experiments). The obvious method s simply to examine samples of naturally
aged, ald paper. Unfortunarely, the conclusions rthar can he drawn from such
experiments are limited becanse one usually does not know either the onginal
propertics of the paper or the conditions of the “cxperiment” it has been
undergoing. The other methed of examining the effects of aging 15 10 conduca
accelerated aging experiments. Accelerated aping is an attempt to simulate in a
sharr time the effects of long periods of natural aging. Rapid changes in paper can
be induced m a number of ways, including the use of elevated temperatures and

* Author toowhom correspondence thenld be addresed



502
e
LA e e
. =
5 st e s i+
10y
E Y Mgl b Lo -
i
at ;
| R maagEw |
{I 'l:jf L L L \J-r\
 DOS 001 OmME 002 D02s 003

Siraén {menimem]

Fipere I Stresgestrain oerve ar 4 7% RH
i dhe cressmaniune direitge foe o
FTaiman 81 paper. The force per insds-
seolioaral wrear (rewmimal stress) s plotted @5
a fseercmer of dinensinial chamge fzvan).
The iuitial disear partion defisees the elustic
freversefle) region, the shope qf' s e s
the modulus, or _rr['ﬂ'm-r:.. The fater _i||.lr1r'|ur
af fee e represents the plaster rogion
it pennansst defortion oo, e
erral ".'.rl e o 15 thie IIJII'JL'I.JEE J-.ln.'I'Jr!.

OO ClommiTres rome CoNsERVATION, 1999 Yoo il

relative humidities, or exposure to bright lights, oxyeen, or pollutans, Implicitin
wiost accelerated aging cxperiments is the asumption that the conditions induce
thie samme types ut11:|:1.31|__s1ﬂ: that accur L‘Jllt‘u'lt.: “natueal” aging, but ac a much fster
tate. Such assumptions are not always true, and even if they were it is quite difficult
to demonstrate that the process of arnficial aging 15 equivalent o natural sgmg
Another complicatng ficeor is chat “natoral” aging can enconpass a wide range
of quite different conditions and processes, For the rest of this paper, we shall use
the term patural agnng to reler to dack aping under moderate relative homidines,

Accelerated aging and natural aging

The requirements for two set of aging condittens to be “equavalent™ lave been
discussed previowsly (Erhaedt and Mecklenburg 1994a). Basically, the same

sictions mmst occor under both aging conditons, and the relative rates of the
various reactions should be similar for both conditons, To be equivalent to nataral
aging, aceelemied aging must speed up all reactions by the same facror withour
introducing wew reactions, ln the same article, the authors demonstrated that in the
rangge of 50 po H0°C and 30 o 8094 [LH, the aging process of paper did not vary
dramancally, and changed only in the relative rates of individial reactions, [The
overall rate of the aging process of course increased wich increasing temperature
or relaove humidiny.) Tewas also shown that i the range of conditiens studied the
aging process could be speeded up without changing it by increasing the
temiperature and keeping the relanve humidicy constant. The conclusion was that
the resulis of tests conducted at elevated temperatures up to at least 9070 would
comespond Lo resulis for paper naturally aged wichin o similer rnge of relsve
humadicy.

The properties of new paper

A pypical stress-strain curve for paper (See Fig. 1) provides a number of types of
information. The curve plots the amount of steain (dimensional change) and the
corresponding nominal swress (force per unit cross-sectional area), The inidal lnear
section of the curve 15 the elastic remon. o this region, the paper recovers and
eeturns to irs original size when the force is removed. The slope of this hnear section
oif the curve s the modulus, or salfiess. The subsequent carved and less sieep region
of the plot is the plastic region, in which the paper has been imevensibly stretched
and will only partially recover it the force is released. Marerials with lictle or no
plastic region are referred to as "battle”. This concept s often confused with
stiffness. A stress-strain curve [or o material more briccle than thatin Fig. 1 would
have a simular curve that simply ended eachier. A suffer matedal would have s
steeper slope ac the beginning of the curve. The end of the curve iswhere the sample
breaks, and represents the maximuin possilele seress (forced and stretch the paper can
take (ulomate strength and breaking stran, I‘l'.‘SPL'CI::i‘.'-L"I'!,']. The area under the curve
cepresents the wotal smeount of energy per cross-sectional area required to break the
paper. Mew paper has an elastic lmit, or yield point, similar to thae of many other
materials, and typically can be reversibly stretched by about o 004% change in
dimension. Paper also has 3 significant plastic region, and can be detormed quire
a bir hefore breaking. For mstance, an analysis by us of stress-strain and fold
endurance messurements for natuzally aped acidic paper peblished by Brandis and
Lyall {19973 showed that old paper samples that had o breakang stmin greater than
[% could survive ar least one fold, Folding probably induces a strain of about 1%,
This does not break new paper, but does produce a permanent crease (deformation)
because 1t excerds the elastic or reversible L. Wich proper care and vnder
reasonable environmeneal circumstances, paper should never leave the eliste
regrion, since either ynproper handling or guite wide enviroimental changes are
required o produce irmeversible strains in paper (See Erharde er al. 1997 and
references therein for discussions of calculanng allowable relaove Tumidiey
ranges).

The properties of paper depend on the conditions under which they are
measured, Typically, though, changes in the cntical properties of stiffiess,
strenggth, breaking strain, and elastie lunic are not significant over a Birly wide
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range of relative lamidity that inchedes the mnge that might be considered tor
display or storage, For example, the modulus of paper is relatively constant from
5% to about 30-60% IH (Sec Fig. 2). This dependence of measured properties an
ILH is a separace issue from whether or how these properties change during aging
atspecific relative humadities, however, Thar question is answered by determining
how these propertics and their dependence an environmental conditions change
during aging.

Hesults from accelerated aging

Accelerated aging of paper at moderate relative humidities produces a loss of
cirength, bue litele change in stiffness (Sce Fig. 3). Aged paper vields a similar curve,
bur smaply breaks sooner. The paper is ot suffer, bue simply weaker, Le. more
brittle, This 15 often perceived as stiffiess because it is so easy 1o force weakened
paper bevond irs breaking strum simply by folding it (.., the corer {old test used
by librarans). Even quite degraded paper, though. usually has most if not all of s
elastie limvie incact and can salely olerate carefl handbmg,

The dependence of paper’s properties on the environmeneal conditions under
which they are measured does not change sigmificantly with aging, For example,
it can be seen that the modulus of paper that has undergone accelerared aging
is not only similar to thar of the new paper, bur has the same dependence on
ILH (See Fig. 2. The breaking strain of paper does decrease slightly with
decreasing BH, but stays above the elastic limir unless the paper is severcly
degraded (See Fig. 43, Aged paper will break slighely more easily at low B, bot
only as the result of improper handling that would lkely cause darnage even al
moderate RH. A long as the elastic limit is intact, the paper will also safely tolerawe
the same environmental Buctuations as new paper. Paper, old or new, does nog
become significantly stffer or weaker at low B—H. and can be stored and handled
at the reasonably low relatve humidities used to improve chemical stabiliey. Te does
not have to be equilibrated to moderate WH before it can safely tolerite proper
handling. (Values below abour 25% R should be avoided not because the paper
is brittle or stiff, but because crosslinking of the paper fibers can ocour over nme
at very low IH, Extremely dry conditions can result in irreversible shankage and
collapse of the cellulose fibers.)

These physical changes in paper result from chemical changes in the cellulose
molecules of the paper. An analysis of the soluble degradarion products found in
aceelerated aged paper confirms that the reactions taking place i cellulose are
primarily hydrolytic (See Fig. 5). Hydrolysss breaks the cellulose chain and
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produces smaller units, including ghucose iself. Glucose and ies dimer, tmmer and
tetramer (small chains comprised of two, three, and four glucose molecules) appear
in the analysis. A number of smaller peaks correspond o products resulting from
other reactions such as oxidation and thermal scission. These account for only a
sotall proportion of the degradation produce mixeure. [t is primarily the breaking
ofcellulose chains by hydrolysis that weakens the fibers, The amounts of hydrolytic
products can in fact be correlated wath the loss in strength (See Fig. 6). Actvation
energies for these cham-breaking reactions have been caleulsted by following
individual reactions at various temperatures, and are approximately 23 Keal per
mole (Eeharde and Mecklenburg 1994a). The same paper determined the relanve
humidity dependence of the hydrolytic reactions, This information can be used to
determine the relative rates of these reactions (and the resulting loss in strength) as
1 funcuon of temperarure and relative hunidicy, Extrapolations can be made to
room temperature where such experiments are not feasible because of the long
tieries that would be reguired. It is then possible to examine natwrally aged samples
to decermine if their properties match those predicied by accelerated aging
experiments,

The correlation of accelerated and natural aging

Stress-serain measurements of samples of old paper, and properties derived from
them, are as prediceed by aceelerated aging experiments. The modulus (stiffness)
is comparable ta new paper (See Fig. 2) but the strength and strain to break are
reduced (See Fig. 7). Additonally, these properties are relatively constant within
the low to moderate RH mange (See Figs. 2,4), as is tue of new paper and paper
subjected to accelerated aging, The physical properties of naturally aged paper are
s predicred by appropriate aceelerated aging conditions. The remaming task 15 to
show that the changes dunmg natural agang oecut by the same mechanism as during
accelerated aging.

Analysis of the soluble degradation produces ofa samiple of naturally aged paper
yields a product mixture similar to that for paper aged under aceelerated conditions
toa “comparsble” age (similar levels of glucose) (See Fig, 5}, Moronly are the same
compounds present, bue the amounts of the impemant produces {glucose and ws
oligomers) are comparable. The old sample does have some exua peaks due mostly
1o the non-cellulosic sizing. The relative ages of these comparably aged papers can
be used with the cxperimentally dedved activation energy and the aping
temperature of the experimental paper to denve a quite reasonable agny
temperature for the nawrally aged older sample ofapproximately 20 C! Obviously,
the old paper was not aged at constant temperature, but such caleulations further
support the equivalence of natural aging and aceclerated wgng conducted under
appropriate conditions,

Paper properties as a function of environmental conditions

Envirommental conditions aftect the properties of paper in two ways, The fiest is
the immediate effect, the dependence of properties on the specific condition under
whicl they are measured. For example, paper s much less stiff ar hagh (=600
relative humidites than at low o moderate relative humidites {(See Fig. 2). The
second is the long term effect of storage under a specific condition. Srorage at high
relative hunidity inceeases the rate of hydrolysis, so paper loses strength Faster than
at lower relative humidity, The relevant properties of paper are fairly constant
when measured within the range of low to moderte relaove humidites (approx-
mately 25-55% BH), but there are differences in the rate ac which properties
change over sime within this range, The degradation rite increases by a factor al
approximately two o four in going from the lower o higher relative humidicy.

Another critical property is the dimensional response of paper to changes
relagive humidity. If paper is restrained durmg changes in relaive humidity, or
attached o materials that respond differendy o RH changes, the resulting forces
can deform or buckle the paper. However, even aged paper has a relatively low
dimensional response to changes throughout most of the RH range (See Fig. 8).
[fthe dimensional changes do not exceed those defined by the elastic region of the
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paper, no damaging forces are produced in the paper even ifit is rolly restrained
and not allowed to shrink or swell

Discussion

Soimie commen perceptions about paper that affeet storage. display, and rrearment
policies are either incoreect or imprecise and have often resulted inomore e [Eort and
expense than required for proper preservation (and have sometimes resulted in
waorse conditions!); Far cxample, one commen perception is that paper 15 so much
stiffer and beiele at low 18H that it must be equilibrated to moderate WH before
it can be handled safely. Insome cases, the “need™ for such equilibratien s avoided
by noe reducing the relanve humidiey i storage areas, and maintainiog the same
higher than necessary FUH values throughow the collection. This in rm resales in
a reduced liferime for the collection, and in extreme cases may even cause damage 1o
the building because of condensation during cold weather. In fact, the mechanical
properties of paper, old as well as new, are farly independent of relative humidicy in
the losw e mederate range. Paper can be stored ac low (25—4028) relative lunmidities
without having to equilibrate it to moderare RH before handling.

The terms bricde and soff semetmes seem to be used imterchangeably when
referring to old paper. The stiffness of paper in fact changes lietle over tie. The
brittleness of old paper is a result of it lowered srength, and a reduced ability o
be deformed beyvond its clastic imit. Even quite degraded paper recains most of its
clastcity, and it is ulllj-' “abuse™, such as folding over a comer., that results m
damage, Carefial handling s still safe. [t is reasemable ro reserict the use or lending
of a book in degraded condition to situations inwhach it is handled only anderstrice
supervision or by those aware of appropriate merthods of care. The book's lifi as
autile object may he over, hur with proper care it will List muoch longer, The book
as “museumn object” has a moch longer lifespan than the book in general
circulation, The information it contains is sill available, buc must be extracted
maore carehully.

Changes in reladve humidity within the low o moderste BH range do no
produce damaging forces i paper undess it has degraded so much thar even its
elastic regron has been severely reduced, Such paper is so obviously degraded char
it may rteceive exceptional treatment, such as storage or display i oa
microenvironment buffered from BH changes in the gflltrﬂ environment, Such
an approach is more etficient than mainmning extremely tight RH control
throughout the collections area just for a few exceptional itens,

Recommendations

Cellulase is inherenthy an exceptionally stable materal. Except for types of paper
with known problems of stability such as acid processing or acid sizing, most
damage to cellulosic abjects results from catastrophic or short tenm events such as
wer, abuse, mold, fload, fire, or environmental exteemes. Proper care of paper
muaterals includes the avoidance of such events, The avoidance of environmental
extremes prevents physical damage during storage, Dracr and cooler enviromments
within the allowable range provide increased chemical stabilivy. It is not necessary
tor maintain absolueely constant environnental conditions, or to equilibrate paper
to moderate M for handling. In fact, appropriate seasonally adjuseed condinons
{coaler and deier in wineer, slightly warmer and moderate RH conditions dueng
summer) not only save money but can cesult in an increase in expected lifedme for
maost callections,

Maost of these recomimendations also apply to other materials that might be found
inn collections (Erharde and Mecklenburg 1994b: Erhardr e al. 1997, There are
excepions. For les stable materials and objects such as acidic paper and some
photographs, other options must be considered, Deacidification is one obvious
alternative for acidic paper, as 15 cold storage. For objects such as photographic
miaterials, especially color prints and negatives, that cannot be made suitably sable
at room temperature, cold storage must be considered and s the only appropriate
approach if the objecs can safely wlerate lower temperatures (MeCormick-
Coodhare 19490),
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Conclusions

Anunderstanding of the properties of paper and the way in which they change with
time and environmental conditions is critical 1o determining approprate and safe
collections policies. This understanding must be based on the careful and thorough
measurement and testing of relevant properties and the changes that occur with
aging or ernvaroiimental fluctuation. Soie current appriaches o the preservation
of collections are based on common msconceptions and misunderstandings.
Unnecessary procedures and protocols may be implemented, and incorrect or
unnecessarily rigid environmensal standards may be maneuned. At best, such
approaches waste only dme and resources. At worst, they result in both waste and
increased damage to the collections and building and divert awention from other
more significant problems. Time and resources are best expended in effores that
have the greatess effcct in safely extending the lespan of the collections.
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