
 OBSERVATIONS ON THE DRYING OF PAPER:
 FIVE DRYING METHODS AND THE DRYING PROCESS

 JANE E. SUGARMAN AND TIMOTHY J. VITALE

 ABSTRACT-Three experiments were performed

 to examine the drying of paper. In the first experi-

 ment visual analysis was used to monitor change

 caused by five drying methods on the surface texture

 of 12 historic papers. Although all methods caused

 changes, the early restraint method was most success-

 ful, while the traditional method was least successful,

 at maintaining original surface texture. Some of the

 12 historic papers altered more than others, but the

 characteristics of sizing, pressing, and fiber furnish

 could not be used to predict degree of change. In the

 second experiment papers were dried under
 laboratory conditions while water content and ap-

 pearance were monitored. Papers were observed to

 pass through stages: flooded, glossy-dark matte, dark

 matte, light matte, onset of physical distortion, and

 white. The most important stage, onset of physical

 distortion, occurred at 63 ? 3% solids in all papers and

 correlated with the start of hydrogen bonding be-

 tween fibers and the shrinkage of fibers. These facts

 explain why the early restraint method is superior; it

 fixes the paper into a defined shape before the paper

 goes through the bonding and shrinkage process. In

 the third experiment the vapor humidification

 process was shown to result in 81 ? 5% solids, which

 disrupts hydrogen bonds within fibers. It is unlike

 complete wetting, which, at 43 ? 9% solids, disrupts

 hydrogen bonds both within fibers and between
 fibers.

 1. INTRODUCTION

 Drying is one of the most common treatments

 performed in paper conservation laboratories,
 yet it has been the subject of little formal study

 or research. Most of what is known is the ac-

 cumulated wisdom of practitioners working in

 the field, passed from teacher to student or
 learned by the solitary practitioner during
 periods of frustration, misgivings, and some-
 times elation.

 This paper is the first in a series. It presents

 the results of three experiments designed to
 quantify the effects of common drying methods

 and examine the wetting and drying process
 under controlled conditions. Experimental
 results and information from the literature are

 used to clarify why the drying methods that
 result in least change in paper texture are suc-
 cessful.

 In the first experiment- the five drying
 methods chosen for testing can be divided into

 two groups: common paper conservation pro-

 cedures and an experimental method. Once it
 was found that the experimental method was

 superior, the second experiment was undertaken

 to explore the reasons why it was superior.

 In the second experiment papers were dried

 under laboratory conditions, and appearance
 and degree of drying were quantified. A litera-
 ture review offered vast information on the

 drying of never-dried pulp but could not answer

 the principal question: How does paper dry?
 The experiment established how paper dries,
 and most important, determined when a sheet
 begins to deform. Sheet deformation is corre-

 lated with the start of hydrogen bonding and the

 shrinkage of fibers. It was determined that early
 restraint of the sheet between blotters was suc-

 cessful because the paper was fixed in shape
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 prior to the start of hydrogen bonding and fiber

 shrinkage.

 In the third experiment the humidification

 process of the two-stage, air-dried-humidifica-

 tion method was explored. Humidification is
 shown to be different from complete wetting.

 Moisture disrupts hydrogen bonds within the

 fibers causing softening and swelling. Complete

 wetting disrupts hydrogen bonds within fibers

 and between fibers creating complete disruption
 of a sheet.

 There is a vast body of literature discussing

 the effects of drying on the mechanical proper-

 ties of paper. It has been the subject of extensive

 study by Vitale (n.d.). It is clear from this work

 that wetting and drying have effects on
 mechanical properties. It is unclear, however,

 that any of these effects have an aesthetic impact

 or that they have an influence on the stability of

 paper. Changes in surface texture have a direct

 aesthetic impact.

 Although surface texture is not the only con-

 sideration in determining drying treatment,
 learning to control surface texture and under-

 standing the drying process can contribute to

 the decision-making process in conservation
 treatment.

 2. OVERVIEW OF DRYING AND
 FLATTENING

 The treatment of drying and flattening is not

 performed unless another treatment occurs first.
 The most common initial treatment is washing,

 either to remove a stain or to rejuvenate the
 sheet by reducing free acidity. A sheet may
 need flattening, but the cockled or curled sheet
 must first be wet (humidified) before it can be

 flattened. The use of the term "drying" assumes

 the associated step of flattening.

 After a paper is wet, the process proceeds by

 these steps: the fibers swell, hydrogen bonds
 within fibers are broken, fibers are plasticized,

 fiber-to-fiber bonds in the sheet network are

 broken, and the aggregate sheet is plasticized.
 The structural conformation of the fibers is lost

 because the structural bonds fixing the com-
 ponents to one another are gone. The surface
 aesthetics of the sheet are lost. The disruptions

 created by wetting are reversed when the
 process is reversed, that is, when the paper is
 dried. However, the original mechanical con-
 ditions that molded the paper are no longer
 obtainable. The original surface texture is lost.

 When the wetting process is reversed
 without control or restraint, it is often called

 "free drying." The free-drying process com-
 monly yields a cockled sheet. Often, speed of
 drying is associated with degree of cockling,
 with anecdotal evidence suggesting that very
 slow free drying results in a fairly flat sheet.
 Cockles are due to uneven drying. When one
 area is wetter than the adjacent area in a sheet

 (i.e., the sheet displays small puddles of water),

 local planar distortion or cockling results. Slow
 drying encourages the dispersion of high water

 concentration to regions of low water content

 and therefore even drying. Controlling the
 speed of drying is therefore a treatment variable

 which should result in diminished cockling.

 Drying treatments are concerted efforts to

 control or engineer the redried surface of the

 paper. Conservation drying treatment is the
 process of pressing, with minimal pressure, a
 paper between absorbent surfaces while it dries.

 Intuitively, we know that a dry sheet has a fixed

 shape. Pressing involves holding a sheet in a
 defined shape (flat) while water is removed.
 Commonly, water is removed by contact with

 blotters. The capillaries and absorbent dry fibers
 in the blotters absorb the large quantities of
 water in the wet sheet until an equilibrium
 water content is reached. Blotters are changed

 to keep the migration of water moving out of
 the sheet. Eventually the blotter in contact with
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 the sheet reaches equilibrium with the air in the
 room.

 3. GENERAL INTRODUCTION TO
 PAPER TEXTURE

 The science of describing and measuring sur-

 face texture is in its infancy, although aesthetic

 appreciation of paper surface texture has been

 with us as long as paper has existed. At one
 time paper was merely an economic replace-
 ment for the celebrated and romanticized vel-

 lum leaf. Over time, the romance and apprecia-

 tion of paper have generated great appreciation

 for paper texture in all its forms: smooth, glossy,

 rough, original, calendared, hot pressed, coated,

 pebbled, and so forth. Specialists can distinguish

 even an expertly treated sheet from a never-

 washed sheet by subtle differences in texture

 and drape.

 The scientific vocabulary for texture is not
 established. In our work, we have found that

 the generic term "surface texture" is actually
 composed of three discrete domains. The smal-

 lest textural domain concerns the fibers as they

 are adjacent to one another, generally within

 one square mm; this is called "surface grain." In

 the range of one square cm, clumps of hundreds

 of fibers are offset from one another in the third
 dimension; this is called the "surface texture."

 On the largest scale, a 10 cm (4 in) square,
 whole regions of a sheet can be higher or lower
 than the adjacent region; this is called "cock-
 ling." All these features can be seen with the

 eye; all can be photographed using raking light.

 Surface grain can be perceived by the eye and
 can be seen in some fine-grained, well-shot
 raking light photographs, but it is most effec-

 tively visualized at 22x using raking light.1 Sur-

 face texture is perceptible in raking light and

 easy to see at 2-5x using raking light. Cockling
 is clearly discernible in raking light.

 Quantifying changes in surface texture is dif-

 ficult. After extensive practical research into the

 analytical quantification of paper texture, we
 found that statistical analysis of the observations

 of a large group of practiced observers proved to

 be the most successful methodology.

 4. EXPERIMENT 1: EVALUATION OF

 DRYING AND FLATTENING METHODS

 This experiment explored the effects of five dif-

 ferent drying procedures on the surface qualities

 of 12 historic papers (Sugarman 1985). The five

 drying methods (summarized in table 1) were

 chosen to: compare a new, experimental drying

 method-the "early restraint" method and a
 variant--with two common drying methods,
 the "traditional" (and a variant, the "un-
 cushioned method") and "air-dried-humidifica-

 tion" methods. The common drying proce-
 dures, altered somewhat in this project for re-

 search purposes, were developed over a long
 period of craft experimentation. The primary
 development criteria appear to have been to
 meet the needs of private practice (speed and
 large numbers of artifacts) and the need to
 achieve consistently satisfactory results on a
 variety of paper types. The "early restraint"
 method was developed (and continues to be
 modified) by the Paper Laboratory at the
 Winterthur Museum to achieve the minimum
 alteration in surface texture.

 4.1 DRYING METHODS

 Twelve historic papers were selected to in-

 clude a range of surface characteristics resulting

 from variations in pressing, sizing, and fiber fur-

 nish (table 2). Samples were all cut from the

 same sheet into 2 1/2 x 2 1/4 in test blanks and
 bathed in water for V2 hour. They were then
 dried by the methods described below.

 JAIC 31 (1992): 175-97

This content downloaded from 160.111.254.17 on Mon, 24 Sep 2018 15:42:43 UTC
All use subject to https://about.jstor.org/terms



 178 JANE E. SUGARMAN AND TIMOTHYJ. VITALE

 TABLE 1

 SUMMARIES OF DRYING METHODS

 EXPERIMENTAL DRYING METHODS COMMON DRYING PROCEDURES MODIFIED FOR
 RESEARCH PURPOSES

 A B D E F

 Early Restraint Early Restraint Traditional Method Uncushioned Method Air-Dried-
 Method 1 Method 2 Humidification

 Method

 Drain on nylon mesh Drain on nylon mesh Drain on blotter until Drain on blotter until Air dry on blotter
 until gloss is gone until gloss is gone 3 dry or 15 minutes 3 dry or 15 minutes 4 hours to 1 day
 Between blotters Between blotters Between blotters on Between blotters,

 foam rubber pad as foam rubber pad as foam rubber pad, plate glass sheet on top,
 weight, weight, plate glass sheet on top, 10 lb weight,
 2 minutes 2 minutes 10 lb weight, 5 minutes

 5 minutes

 Blotter change, Blotter change, Blotter change, Blotter change,
 ?1 in felts on either 1/4 in felts on either 10 minutes 10 minutes

 side, side, lens tissue

 5-lb plate glass weight, separators,
 1 day 5-lb plate glass weight,

 1 day

 Blotter change, Blotter change,
 30 minutes 30 minutes

 Blotter change, Blotter change,
 60 minutes 60 minutes

 Blotter change, Blotter change,
 4 hours 4 hours

 Blotter change, Blotter change, Humidify in chamber
 1 week 1 week to 95% RH,

 5 hours

 Blotter change, Blotter change, Between blotters and
 3 weeks 3 weeks V4 in felts,

 plate glass on top,

 10 lb weight,
 10 minutes

 Blotter change,
 1 hour

 Blotter change, Blotter change, Blotter change,
 next day next day next day

 4.1.1 Early restraint method 1 (A)

 The samples were removed from the bath to

 a blotter on a nylon mesh support. When the

 luster left the paper and the surface of the paper

 regained its original appearance, the samples
 were placed between fresh blotters, dimensions

 of which were well in excess of the samples'

 edges. The blotter was covered with a foam
 rubber pad. After about 2 minutes the blotters

 were changed, and the samples (between blot-

 ters) were placed between /4 in thick felts and
 under plate glass. The blotters were changed
 the next day, after 1 week, and after 3 weeks.2
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 TABLE 2

 TEST PAPERS

 Paper Pressing Sizing Pulp

 1 1880 printing Hot Hard Grasses
 2 18th-c. Italian printing Cold Soft Linen
 3 1792 English copper Cold Soft Linen

 plate printing

 4 1845 printing Cold Soft Linen
 5 19th-c. French Hot Hard Linen

 6 1820 English Cold Soft Linen
 7 Historic paper of Hot Hard Grasses

 unknown origin

 8 18th-c. Italian printing Cold Soft Linen
 9 1801 (London) English Cold Soft Linen

 printing

 10 1818 English printing Cold Soft Cotton+
 11 19th-c. drawing Rough Soft Cotton
 12 1814 English copper Cold None Cotton/

 plate printing linen

 Historical information and descriptions provided byJohn

 Krill, paper conservator, Winterthur Museum

 4.1.2 Early restraint method 2 (B)

 This method is the same as the above, but

 with lens tissue placed in contact with both sides

 of the object in the "sandwich." This variation
 on method A was selected to observe what the

 effect of subtle differences in the texture of the

 material closest to the object might be.

 4.1.3 Traditional method (D)

 The samples were removed from the bath on

 a nylon mesh and allowed to drain. The
 samples were placed on a blotter with uniform
 contact between samples and blotter and al-
 lowed to dry 15 minutes (until approximately

 "2/3 dry"). They were then placed between two
 blotters, on top of a thick (1? in) foam rubber
 pad, under a sheet of glass with two 5-lb
 weights on top. The blotters were changed
 after 5 minutes, 10 minutes, 30 minutes, 1 hour,

 4 hours, and the next day.

 4.1.4 Uncushioned method (E)

 The samples were removed from the bath,
 placed on a blotter, and allowed to dry 15
 minutes (as above). They were dried between
 blotters, under glass and two 5-lb weights. The

 blotter changes were the same as in method D.

 4.1.5 Air-dried-humidification method (F)

 The samples were removed from the bath (as

 above), placed on a blotter, and allowed to dry

 completely. They were placed in a humidifica-
 tion chamber. The relative humidity in the
 chamber rose slowly to 95%. The samples
 remained in the chamber until they were
 relaxed, for a total of 5 hours. The samples
 were then dried between blotters and felts,

 under glass and two 5-lb weights. The blotters

 were changed after 10 minutes, 1 hour, and the

 next day.

 4.2 EXPERIMENTAL DESIGN

 The method used for analysis was visual ex-

 amination by trained observers. Statistics are

 employed to determine if drying methods can

 be distinguished from one another. The
 samples were assessed by 18 trained observers

 (16 conservation students and 2 professional
 paper conservators) under raking light in a
 uniform experimental protocol. An evaluation

 of the relative success of the drying procedures

 focused on subtleties of surface qualities.3 Each

 person completed a survey form, making an in-
 dependent judgment of the relative amount of

 change (scale 1-5) of each treated sample com-
 pared with the untreated control. Thus a
 sample that had no change in surface texture

 would be assigned a value of 1, while a sample
 with major change would be assigned a 5.

 Sheet cockling is not a phenomenon that
 could be observed in this study because the
 samples were too small. The periodicity of
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 180 JANE E. SUGARMAN AND TIMOTHY J. VITALE

 cockling is rarely much smaller than 2-5 in.
 The assumption made was that drying and flat-

 tening methods that could not eliminate cock-

 ling are unacceptable procedures and thus not fit

 for experimentation.

 Analysis of the entire data pool using simple
 statistical methods was carried out to determine

 the significant difference in (1) the 12 papers,
 and (2) the five drying methods. Figures 1 and
 2 show the results of the mean and standard

 error calculations. The statistical error bars

 reported in figures 1 and 2 consist of the mean,

 plus and minus 1 standard error times t for a
 two-tailed 95% confidence interval. The full

 bar indicates the data population at a 95%-con-

 fidence level. Data populations for which error

 bars fall beyond each other are considered sig-
 nificant at a 95%-confidence level or greater.
 Standard error is standard deviation (calculated

 using n-1) divided by the square root of n, times
 the "t" value for a confidence level of 95%, at

 the appropriate degree of freedom.

 4.3 RESULTS

 Analysis of the visual survey data yielded the

 following conclusions (see fig. 1). The early
 restraint method 2 (B) resulted in the least
 change of surface texture for the group of 12

 experimental papers. The early restraint
 method 1(A), without lens tissue interfacing be-

 tween the samples and the blotters, could not be

 statistically distinguished from the early restraint
 method 2. The traditional method (D), so

 called because the paper is air dried for a "tradi-

 tional" period on blotters prior to press drying,
 resulted in the greatest change in surface texture

 and was statistically distinguishable from the su-

 perior early restraint method 2. The un-
 cushioned method (E), a version of the tradi-

 tional method, could not be statistically distin-

 guished from the traditional method but could
 be distinguished from the early restraint method

 2. The air-dried-humidification method (F), a

 two-stage drying method that was thought like-

 ly to be an unsuccessful drying method, could

 not be distinguished from either of the early
 restraint methods.

 The superiority of the early restraint method

 2 is seen as significant. The method was
 developed within the conceptual framework of
 the papermaking process but without knowing

 how following the papermaking process might

 facilitate the reproduction of original surface

 texture. The primary goal was to develop a
 technique that would result in the least change
 in surface texture after treatment when com-

 pared to a never-treated control. It is clear that
 these efforts were successful.

 All of the drying methods produced changes

 in the samples with respect to the controls; that
 is, all of the means are above 2.3 units, with 1

 unit equal to no change. The methods that
 showed least change (A, B, and F) have means
 between 2.3 and 2.45 units, and those that

 showed most change (D and E) have means
 between 2.6 and 2.7 units. Methods A, B, and

 F hold the paper flat during the drying process.

 Methods D and E permit the paper to become

 two-thirds dry before the paper is held flat be-

 tween drying surfaces. It is important to note
 that there are significant differences between
 methods A and B and method F. Methods A

 and B fix the flooded paper between smooth
 absorbent drying surfaces while the paper is still

 wet. Method F, a two-stage technique, allows
 the paper to dry completely; then, after
 humidification in the second stage, the paper is
 held flat between smooth absorbent surfaces.

 While the observers were not required to

 specify the nature of the changes they reported,
 some did comment that all of the texture chan-

 ges were an expansion of the original surface
 texture. Expansion is perceived as an increase
 in the height of the high regions in relation to
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 182 JANE E. SUGARMAN AND TIMOTHY J. VITALE

 the low regions. In addition, all drying methods
 showed at least 1.3 units difference from the

 controls. The range of difference between the
 most successful method (B) and least successful

 method (D) is only 0.4 units, one-third of the

 minimum amount of change. In summary, all

 methods changed surface texture by expansion;
 the difference between the most successful and

 least successful methods was less than the mag-

 nitude of change caused by drying itself. Fears
 of over flattening seem to be one of the most

 common flattening concerns among paper con-

 servators. These results suggest this fear is large-

 ly unfounded and that we should be exploring

 techniques that decrease expansion of the sur-
 face texture.

 The results based on individual papers can be

 observed in figure 2. The reasons the data are
 considered in this manner is that it was strongly

 suspected that characteristics such as pressing,

 sizing, and fiber furnish (pulp) would have an
 effect on the ease or difficulty in reproducing

 the original surface texture of individual papers.

 It is clear from a review of figure 2 that some

 papers (those above 3 units) were difficult to
 dry; one (below 2 units) was relatively easy to

 dry; but most (ranging from 2.2 to 2.8 units)

 were of equal difficulty.

 There is no pattern for best, average, or worst

 performance based on any of the three charac-
 teristics-pressing, sizing, pulp-noted. Three
 of the samples labeled CSL (cold-pressed, soft-
 sized, linen) (3, 6, and 9) are all within 95%-
 confidence levels, but so are six of the other

 nine samples. Sample 8, also a CSL-type paper,
 is well outside the 3, 6, and 9 group, therefore

 eliminating the possibility that cold-pressed,
 soft-sized, linen paper poses only moderate
 drying obstacles. The two most changed
 papers, 1 and 8, have exactly opposite charac-
 teristics. The least changed paper, 4, is closer in
 characteristics to the most changed, paper 8.

 Of the papers in the 2.2-2.8 unit range, no

 single characteristic predominates: (1) two hard-

 sized papers are in the largely cold-pressed
 group, (2) all sizing types are represented, and

 (3) all fiber furnish types are included. Lack of

 trends is an indication that pressing, sizing, and

 fiber furnish cannot be used to predict if a sup-

 port will be sensitive to drying.

 4.4 OTHER ANALYTICAL TECHNIQUES
 INVESTIGATED

 In the course of evaluating the results of the

 data presented above, several other analytical

 methods were investigated4 to determine if
 changes in the treated samples could be quan-

 tified with more precision than that available

 with visual analysis. All attempts to analyze and

 compare characteristics of surface texture using

 the following analytical methods were incon-

 clusive in distinguishing the subtle differences in

 surface texture among the test samples.

 The use of reflected light measurement
 seemed a promising source of analytical data.

 Intensity measurements at 0"incident/Ooreflected
 did not allow any differentiation of texture.

 Reflected light intensity, from the surfaces of a

 set of samples at (1) 450/00 (illumination/meas-

 urement), (2) diffuse/0? at both 8 mm and 50
 mm port size, and (3) specular include and ex-
 clude on a device with an integrating sphere
 light source and measurement, yielded data that
 were either inconsistent or inconclusive. In

 most cases a set of samples with clearly distin-

 guishable texture could not be separated using
 the means of 3-10 repetitions, let alone using
 standard statistical analysis. Goniophotometric

 analysis of the surface, where a detector passes

 through an arc prescribed around the incident
 illumination source, could distinguish between

 the best and worst samples of paper 8, but stand-

 ard statistical analysis resulted in an indistin-

 guishable outcome. Differentiation of samples
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 with less than extreme differences could not be

 made. The results were, however, highly in-
 triguing and subject to wide intellectual inter-
 pretation.

 Attempts were made to visualize differences

 in the treated surfaces using the scanning
 electron microscope (SEM) in hope of defining
 a characteristic of the modified surfaces.. This

 methodology is often suitable in paper studies
 because the fibers appear solid and well defined

 rather than as translucent glowing bodies sur-

 rounded by a ill-defined radiant background, as

 seen when viewed with a light microscope.
 Three viewing angles were employed: direct
 viewing, low-angle viewing of surface texture,

 and cross-section viewing. While very informa-

 tive and instructive, the resulting observations

 did not lend themselves to analytic interpreta-
 tion or quantification.

 Report of these negative results may save
 other researchers some effort.

 Experienced observers were found to be the

 most sensitive judges of changes in surface tex-

 ture. Surface texture is a complex intellectual

 integration of viewing angle, light and shadow,
 and experience. At the time (1986), there was

 no analytical technique that could equal the sen-

 sitivity and sophistication of the trained human

 observer in distinguishing subtle visual differen-

 ces in paper surface texture.5 Eventually, com-

 plex integrations of multiple finite scans (Arney

 1990) or artificial intelligence might supersede
 the ability of the trained observer.

 5. EXPERIMENT 2: QUANTIFICATION
 OF THE DRYING PROCESS

 In this experiment the paper-drying process was

 observed and quantified to determine why the
 application of restraint between absorbent flat
 surfaces was important to the final surface tex-

 ture of the test papers. The distinguishing fea-

 ture of the most successful method for preserv-

 ing surface texture-the early restraint
 method-is that the sheet is put under restraint
 in a wetter condition than in the traditional and

 uncushioned methods.

 5.1 EXPERIMENTAL DESIGN

 A group of seven papers representing a range

 of ages, compositions, and surface appearances
 were selected (table 3). In the procedure
 detailed in appendix 1, each sample (8 x 10 cm)

 was immersed in water, then carefully
 monitored while it air dried on a balance ac-

 -4
 curate to 10-4 grams. The samples were sup-
 ported on a stainless steel screen and suspended

 above a source of reflected light, in the balance.

 A visual description and weight measurement
 were recorded by a single observer at 5-minute

 intervals for three samples of the seven papers.

 TABLE 3

 PAPERS USED TO QUANTIFY THE DRYING PROCESS

 PAPER PULP PRESSING THICKNESS SIZING
 1 Modem watercolor Bast, cotton Rough 0.55 mm Gelatin
 2 19-c. Strathmore 91% wood; Cold 0.16 mm Gelatin and alum-rosin

 9% cotton

 3 19-c. Whatman Linen Cold 0.20 mm Gelatin
 4 18-c. Dutch/blue Linen Cold 0.17 mm Weak gelatin
 5 19-c. English Linen Burnished 0.20 mm Weak gelatin
 6 Waterleaf cotton 90% cotton; Cold 0.10 mm None

 10% wood

 7 Waterleaf wood 94% wood; Cold 0.15 mm None
 6% cotton
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 Fig. 3. Drying process
 reproducibility: three samples of
 sample 5 (19th-century English
 paper)
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 The weight measurements were converted to
 percent solids.

 Three samples of each test paper were ob-

 served by the same person as they dried. Each

 of the individual drying experiments yielded a
 high level of agreement within a set of three
 samples and among the seven papers. This
 agreement is reflected in (1) the similarity of

 plots in figure 3, and (2) the ranges of percent

 solids listed for the observed drying stages in
 table 4.

 TABLE 4

 STAGES OBSERVED DURING DRYING

 OF EXPERIMENTAL PAPERS

 OBSERVED PERCENT PERCENT

 APPEARANCE SOLIDS SOLIDS

 Group 1 Group2
 (Unsized or (Sized)
 lightly sized)

 1 Flooded 35%-44% 42%-44%

 2 Glossy-dark matte 44%o-50%/o 44%-56%
 3 Dark matte 50%-55% 56%V-61%

 4 Light matte 55%-85% 61%-85%
 5 Onset of physical 63 ? 1% 63 ? 3%

 dissortion

 6 White 85%-93% 85%-93%

 5.2 DRYING STAGES OBSERVED

 The samples were observed to pass through a

 series of discrete visual stages. When first
 removed from the bath, the sample is flooded

 (stage 1). When the sample is placed on the
 drying screen, the surface appears glossy. The
 overall glossiness fades fairly quickly, with
 patches of dark matte surface texture interrupt-

 ing the overall specular gloss (stage 2). The
 surface water creates a specular gloss that hides
 the texture of the fibers and the dark translucen-

 cy of the sheet. The water-filled paper is trans-

 lucent. The dark appearance was due to light
 passing through the sheet rather than scattering

 at interfaces of large refractive index difference,
 such as between air and cellulose. The matte

 texture is due to the individual water-swollen

 fibers forming a rough surface, in comparison to

 a smooth, unbroken surface formed by a con-

 tinuous water layer. The dark matte appearance
 is achieved after all of the "flooded" water

 evaporates from the surface (stage 3).

 While remaining matte in appearance, the
 dark tone slowly decreases as the translucency
 decreases. The reducing translucency, due to
 decreasing water content, shades into opacity as

 light is scattered from the newly formed air-
 water and air-cellulose interfaces. Eventually
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 the sheet reaches a point where it can no longer
 be considered dark. The continued decreases in

 translucency results in a light matte appearance

 (stage 4). During the light matte stage, the first

 planar distortions are noted. Careful attention is

 paid to the onset of physical distortion, which is

 defined as the moment at which the edge or
 corner of the drying sample lifts from the
 horizontal plane (stage 5). Edges dry first; even-

 tually the whole sheet becomes distorted due to

 uneven drying. In the final stage of evaporation

 the paper appears white and highly opaque due

 to the dramatic increase in light scattering
 within the fibers (stage 6).

 Not all of the papers went through all of the

 stages. Samples that were relatively thin tended

 to have only one identifiable matte stage. Their

 appearance changed from glossy and translucent

 to matte and opaque. It should be noted that
 the experimental design emphasized the papers'

 translucency. Drying on a blotter would
 diminish perceptible translucency because there

 is little light reflected from below.

 In figures 4 and 5, the drying time is plotted

 against percent solids at 5 minute intervals.

 Fig. 4. Drying time vs. percent
 solids for group 1 (unsized or light-
 ly sized papers)
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 Each plot is an average of three individual plots,

 just as the three plots in figure 3 have been
 averaged to the single line marked with the "+"

 in figure 4, labeled "19-c. English." It is impor-

 tant to remember that each paper exhibited
 nearly identical drying stages, differing only in

 water content, or percent solids, at each stage.

 5.3 TWO GROUPS OF PAPERS

 DISTINGUISHED BY DEGREE OF SIZING

 The seven papers were studied extensively as

 to porosity,6 thickness, fiber type, shape, and

 degree of beating or age-related damage (as ex-

 pressed in the measure of relative fiber length).7

 It became clear after quantification of the drying

 process that the one factor that was a predictor

 of drying behavior was degree of sizing. If plots

 for all seven experimental papers were overlaid

 onto the same graph, (1) two distinct groups can

 be delineated on the basis of groupings of per-

 cent solids at specific drying stages, and (2) one

 drying stage is constant in both groups: onset of

 physical distortion.

 The seven experimental papers can be clas-

 sified as unsized or lightly sized (group 1) and

 sized with gelatin and alum-rosin (group 2).
 Group 1 papers had relatively long drying times

 that start at lower percent solids (higher water

 content). Group 2 papers start the drying
 process with less absorbed water; thus their
 drying times are shorter.

 When a paper is immersed in water, the
 pores fill with water and the fibers begin the
 process of absorbing water and swelling.
 Depending on degree of beating and degree of
 sizing, the fibers eventually absorb water into
 their accessible micropore structure and across
 all of the accessible hydrogen-bonded sites.
 Historically, sizing is applied to paper by the

 papermaker to hinder water absorption into the
 fiber and thus prevent the feathering of water-
 based ink lines. It is clear, then, that the role

 played by the fibers in the adsorption and
 desorption processes is significant. In unsized

 papers the relative accessibility of the fibers to

 water causes greater water absorption and swell-

 ing, while in sized papers the role of the fibers is

 diminished, with the pore system dominating

 the drying process. Sizing or lack of it, then,
 accounts for most of the differences in patterns

 of drying.

 Group 2 papers begin at higher percent solids

 content (less water) and show rather distinct

 drying phases. Note that in figure 5 the starting

 percent solids for group 2 papers is 42%-52%
 solids. The watercolor paper, which is
 manufactured with a high degree of sizing, has

 the highest percent solids-52% (lowest water
 content). Compare this to the figure 4 starting

 percent solids of 34%-38%. Distinctness of
 drying stage is a function of progressing to the

 next stage in a crisp, direct manner without the

 (time) smearing effects due to slower evapora-
 tion of water from the fibers.

 The function of sizing is to decrease the
 amount of moisture the fibers absorb. With a

 large number of potential sites for water absorp-

 tion occupied by sizing material, the fibers be-

 come only partially saturated. Fibers in sized
 papers act more like glass fibers in a mat, with

 water taken up and released predominantly
 through the pore system, (assuming the pore
 systems are relatively unclogged by the sizing).

 In unsized papers, the fibers contain more water

 and hold onto moisture much longer; thus the

 drying process is extended.

 One important finding should be em-
 phasized: both groups exhibited the onset of
 physical distortion at 63% solids. The process
 that creates distortion must therefore be inde-

 pendent of the amount of water uptake and
 speed of drying.

 Figures 4 and 5 reveal that one paper in each
 group has a plot that, on first observation, ap-
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 pears not to belong. For group 1 it is the
 modem waterleaf cotton paper (0.10 mm thick).

 In group 2 it is the modem watercolor paper
 (0.55 mm thick). Thickness influences drying

 time. But thickness alone does not distinguish

 groups 1 and 2. Note the thicknesses of papers
 listed in table 3. The effects of thickness can be

 separated from the effects of sizing because
 thickness affects only drying time, while sizing

 affects both degree of water absorbency and
 drying time. Note that the thin waterleaf cot-
 ton paper dried faster than the rest of group 1,

 and the very thick modem watercolor paper
 dried slower than the rest. Also observe that the

 amount of absorbed water, at the start of the

 drying process, is opposite these results: the fast

 drying paper started at lower percent solids, and

 the slow drying paper started at higher percent
 solids.

 5.4 DRYING STAGES OF PAPER DEFINED

 The drying stages observed on the seven ex-

 perimental papers can be related to the literature
 on the formation, consolidation, and drying of

 never-dried pulp into paper, although once-
 dried paper is different from never-dried paper

 pulp. In experiement 2, the appearance of the
 paper is described for each state of drying (fig.

 6). Figure 6 shows the seven stages of drying for

 an average paper based on the observations
 made in experiment 2.

 Stage 1. Flooded: Glossy

 When the paper is removed from the bath, it

 is flooded and appears glossy. Water is in a
 continuous film throughout the paper. Pores,

 lumens, fiber micropores, and fibers are full.

 Fig. 6. Seven stages of paper
 drying. Note: (1) stages 4 and
 6 are light matte, but split by

 the onset of physical distor-

 tion (stage 5).
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 Stage 2. Water in all pores: Glossy with regions
 of dark matte

 This initial drying phase involves the removal

 of excess water. The excess water, beyond the

 free water held in the paper pores, decreases
 without the intrusion of air (Robertson 1963).

 As excess surface water continues to

 evaporate, free water remains in all pores, and
 the surface is no longer covered with a con-
 tinuous film. Eventually the overall glossy ap-

 pearance is broken up by dark matte regions.
 The matte texture is caused by fibers on the

 surface that are no longer covered by the flood

 of water. Saturation of the pores (normally air-

 filled voids) with liquid creates a dark ap-
 pearance; the paper is highly translucent; no
 light is scattered at interfaces between water and

 fibers. Light transmission through the sheet is at

 a maximum, and scattering is at a minimum
 (Robertson 1963).

 Stage 3. First air intrusion into large pores:
 Dark matte-translucent

 In previous stages water formed a continuous

 film throughout the paper, surrounding each
 fiber and each fiber-to-fiber contact point. At

 this stage, the fibers and paper pores are full of
 free water, but there is no excess water. As
 water volume decreases due to evaporation, the

 largest pores begin to lose a small amount of
 water. Air begins to intrude into the sheet.
 However imperceptible, the sheet is slightly
 lighter in tone due to the increased scattering of

 light at the small increase in air/fiber surface
 area.

 Stage 4. Water in smaller pores: Light matte

 Free water is in most of the pores at the start

 of this stage. As the stage progresses, the largest

 pores are the first to empty. The paper becomes
 light matte as more air intrudes into the pore

 structure of the paper, creating additional
 air/cellulose interfaces. Toward the end of this

 stage only the smaller pores contain water.

 A precise characterization of the differences

 between light and dark matte is impossible; it is

 a subjective judgment. The increasing number
 of sites in which there is a difference in refrac-

 tive index between cellulose and air cause in-

 creased light scattering and reduced transmission

 of light. The progressive effect is an increasing-

 ly opaque appearance.
 As air intrusion increases, the constant rate of

 drying in the first stage of evaporation (Rance
 1954) ends. Robertson (1963) describes this as

 the point when free water is not mobile enough
 to maintain a stationary evaporation zone at the

 face of large pores close to the surface. Free
 water exists, but its mobility is limited to a small

 region defined by the zone of contact between
 two fibers. Capillary action holds the water in

 the small pores of the zone surrounding the
 fiber-to-fiber bonding regions.

 Note that the light matte stage extends past

 the onset of physical distortion (stage 5),
 described below.

 Stage 5. Onset of physical distortion: Hydrogen
 bonding and shrinkage

 Onset of physical distortion is the point
 within the light matte stage when bonding and

 shrinkage start. Bonding fixes fibers to one
 another so that as shrinkage occurs, localized
 differences are transferred to the network. The

 result is sheet distortion.

 It is quite possible that some fibers begin to
 shrink prior to the creation of hydrogen bonds
 between fibers. Shrinkage of the fiber network

 before this point is primarily in the z-direction

 (thickness). Monitoring the thickness of the

 samples as they dried was not undertaken in
 these experiments. This phenomenon has been
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 described in the papermaking literature
 (Robertson 1966).

 When the localized free water of a region is

 in only the smallest pores-those between fibers
 at fiber-to-fiber contact areas-the surface ten-

 sion of the water and the size of the capillary

 between the fibers result in a capillary force that

 draws the fiber surfaces together (Rance 1954).

 Eventually the fibers are drawn physically close

 enough for hydrogen bonds to form; this is at

 approximately 2.7A, surface-to-surface distance
 (Skelton 1975; Christiansen and Giertz 1966).
 Fiber-to-fiber bonding begins at approximately
 45% solids in a never-dried sheet (Robertson

 1963). We have found the bonding begins in

 once-dried paper at 63 + 3% solids.
 Fibers shrink because they lose bound water.

 Evaporation of bound water can occur only
 when free water, or free water associated with

 the surface of the fiber, is gone. When bonding

 begins, no free water is available by definition,
 because it is all associated with fiber-to-fiber

 bonding zone. In a region of bonding, fiber
 segments not participating in bonding do not

 have free water surrounding them. The lack of

 free water along the exposed fiber shaft, which

 would have replaced evaporating bound water,

 causes the fibers to shrink locally. Evaporation
 of bound water in the fiber is a local

 phenomenon causing additional uneven
 shrinkage along the fiber.

 Concurrent hydrogen bonding and fiber
 shrinkage cause distortion of the fiber network.

 With the contact points between fibers fixed by

 hydrogen bonding, the shrinking fibers begin to

 distort the network, moving regions out of their

 original x-y planes into the z-direction. When
 enough displacement in the z-direction has oc-

 curred, distortion can be seen in the paper.
 Uneven drying always leads to sheet distor-

 tion. If the paper is allowed to dry without
 restraint in the z-direction, cockling will occur

 because the edges dry more quickly than the
 center. It is clear that the hydrogen-bonding

 process continues after the original estab-
 lishment of hydrogen bonds, because tensile
 strength increases throughout the evaporation

 process (Robertson 1970). Shrinkage of the
 bonded fibers continues until the bound water

 content comes into equilibrium with the
 humidity content of the air.

 Stage 6. Water evaporating from the fibers:
 Light matte

 This stage is the latter half of the light matte

 stage, which began at stage 4. It is not visibly

 different from the stage 4 and was not observed

 as a distinct stage when the experimental obser-

 vations were quantified but was added to in-
 crease clarity in the presentation of the drying

 process. The light matte stage is clearly divided,

 however, by the onset of physical distortion.

 In this stage, bound water is primarily
 evaporating from the body of the fiber. A small

 amount of water associated with the bonding
 sites is also concurrently evaporating. The sheet

 continues to be a light matte tone. The primary

 cause of increased sheet lightening is additional

 light scattering from air-cellulose interfaces
 within the fibers. Prior to this stage, the fibers

 were saturated and dark; during this stage the
 drying fibers are becoming lighter. The same
 phenomenon of air intrusion into the sheet also

 holds true for the fibers. As more air intrudes,

 the effect is an increasingly opaque appearance
 of the fibers.

 The water content passes through the fiber

 saturation point when all free water is gone,
 prior to the evaporation of bound water. At
 that point the voids in the fibers are empty, but
 the walls of the fibers are still saturated (Chris-

 tiansen and Giertz 1966). At a point beyond the

 fiber saturation point (approximately 19 ? 5%

 water), the translucency of the fiber begins to
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 decrease as the micropores in the fibers are
 desaturated. Eventually fibers lose enough
 water that the plasticizing effects of water on
 fibers decreases. The increased fiber rigidity
 during this stage is reflected in increasing elastic

 modulus in the later stages of drying (Robertson

 1970).

 5.5 SEVEN FIBERS APPROACHING

 EQUILIBRIUM WITH ENVIRONMENT:
 WHITE

 As the fibers approach equilibrium with en-

 vironment, the paper appears white due to al-
 most total air intrusion. Small amounts of water

 continue to diffuse through the fiber to an
 evaporation surface. Within the drying fiber,

 evaporation does not continue indefinitely; it

 continues until an equilibrium moisture content

 is reached with the surrounding air. Under
 normal conditions the percent water content of

 the sheet will always be greater than zero unless

 an effort (such as exposure to hot drying oven
 conditions) is made to remove the bound water

 (Christiansen and Giertz 1966). The average for

 the seven experimental papers at 50% RH was
 6% solids.

 6. EXPERIMENT 3: PROLONGED
 HUMIDIFICATION OF SEVEN PAPERS

 To determine whether humidification wets the

 paper sufficiently to allow complete relaxation
 before redrying, a study of the humidification

 stage of the two-stage air-dried-humidification
 method was undertaken following the proce-
 dure described in appendix 2. It was assumed
 early in this research that the air-dried-
 humidification method would be a poorly per-

 forming drying method, but the results of ex-

 periment 1 do not support this conjecture. An
 investigation of the uptake of moisture in a
 humidification chamber was conducted to

 determine (1) how much water is absorbed

 during humidification and (2) if the water con-

 tent changes over a prolonged period of ex-
 posure to water vapor.

 Spraying and ultrasonic humidification treat-

 ments consist of the transfer of liquid water,

 broken into droplets, to the sheet being treated.

 Because these methods can result in any desired

 water content, even to the flooded state if con-

 tinued long enough. Spraying and ultrasonic
 humidification are to o variable for scientific

 investigation. Only humidification with water

 vapor is studied here. It has been widely as-
 sumed, that water vapor humidification will
 result in sufficient water content to plasticize

 paper and result in a "gentle" flattening.

 6.1 RESULTS

 Results reported in figure 7 clearly indicate
 that after 5 days in the humidity chamber (far

 exceeding the amount of time employed in
 standard practice) the maximum percent mois-
 ture content does not go below 81 ? 5% solids

 or 19% water. After 3 hours the papers were 86

 + 4% solids, or 14% water. Swollen with water,

 fibers in the papers represented in figure 5 are at

 their fiber saturation points but not beyond.
 Both values are well above the 63 ? 3% solids

 required for interfiber hydrogen-bonding
 release.8 At the fiber saturation point there is

 no water in the paper pores. Thus vapor
 humidification does not release the fiber-to-

 fiber network hydrogen bonds.
 Humidification does not result in a sufficient

 uptake of moisture to put water in the paper
 pores, which would result in a breakage of
 fiber-to-fiber hydrogen bonds (Christiansen and
 Giertz 1966). Humidification with water vapor

 causes a plasticization of the paper fibers due to

 the rupture of hydrogen bonds within the fibers.

 Bond breaking occurs because water is sub-
 stituted across existing hydrogen bonds. When

 a single water molecule bridges between
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 Fig. 7. Seven papers
 humidified for 120 hours
 at 95% RH
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 hydrogen bonded surfaces, a "new" bond con-

 figuration results, which is weaker. Once
 enough water molecules have been introduced

 into the bonding site, the "structural" hydrogen

 bond is lost. The absorption of water onto the

 hydroxyl-studded cellulose surfaces or across

 hydrogen bonds in accessible regions (amor-
 phous cellulose) in the microfibrils results in

 swelling. Swelling opens additional surface and

 creates more accessible regions, so that more
 absorption and swelling occur.

 Eventually all cellulose surface area, fiber
 micropores, and accessible hydrogen bonds have
 water molecules associated with them: The fiber

 is at the fiber saturation point and completely
 plasticized. Plasticization is a state in which the

 rigidity of the fiber, due to "structural"
 hydrogen bonds between cellulose chains,
 elementary fibrils, microfibrils, and fibrils, have

 been disrupted. Plasticization releases stresses
 that were dried into the fibers when the sheet

 dried (Rowland 1979).

 When rewetting is performed with liquid
 water, the effects are different (Christiansen and

 Giertz 1966). Liquid water will eventually
 saturate the fibers and begin to form a liquid

 film. The liquid film will eventually fill capil-

 laries at bonding sites and disrupt the fiber-to-

 fiber hydrogen bonds. If enough water is ap-
 plied to the sheet, it will reach the flooded state

 depicted in stage 1 of figure 6. When the sheet

 redries, the process of bonding between fiber

 surfaces is repeated.

 The extent of unbonding and the accom-
 panying relaxation of dried-in stresses are
 greater with liquid water. Humidification does

 provide fiber relaxation, but only a more
 thorough wetting breaks a sufficient number of
 bonds to reform a cockled sheet. In order to

 allow sufficient relaxation of the paper for
 replication of original surface texture, liquid
 water in the form of fine spray or ultrasonic
 humidification is necessary. It should be noted

 that first exposure to humidification or rewet-
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 ting will alter properties such as gloss and
 smoothness (Wink 1961).

 In figure 1 the mean for the air-dried-
 humidification method appears to be similar in

 degree of change to the early restraint methods.

 It is believed, however, that the two drying
 methods are fundamentally different because the

 fibers are merely plasticized during vapor
 humidification. Complete wetting results in
 breaking fiber-to-fiber bonds and rupturing the

 fiber network. Properly applied flattening fol-

 lowing a thorough rewetting will result in refor-
 mation of the network bonds in a new flat con-

 figuration. This assertion will be explored in
 future work.

 6.2 IMPLICATIONS FOR TREATMENT

 For flattening, when possible, exposure to

 liquid water-whether, by ultrasonic
 humidification, or spraying-is preferable to
 humidification with water vapor because the

 paper relaxes more with increased wetting. To
 control the surface quality of the sheet, the ob-

 ject should be placed under restraint as soon as

 possible, given the condition of the media.

 7. CONCLUSIONS

 All five drying methods caused change in sur-

 face texture. The early restraint 1 and 2 and
 air-dried-humidification methods were

 noticeably more successful than the traditional
 and uncushioned methods in maintaining
 original surface qualities. Drying methods that
 hold the paper in contact with a flattening sur-

 face through the entire drying process produced

 the least change in surface texture.

 The early restraint method of drying is distin-

 guished from the others tested by the relatively

 high water content at which the paper is put
 under restraint. Close observation and quan-
 tification of the drying process make it clear that

 the early restraint defines the shape and texture

 of the sheet before hydrogen bonding and
 shrinkage can begin at 63% solids.

 Subtle differences in the drying methods that

 varied the drying surfaces in contact with the
 sheet, such as the difference between early
 restraint 1 and 2, could not be statistically distin-

 guished at the 95%-confidence level.

 Some papers change more than others when

 exposed to the wetting and drying treatment.
 Pressing, sizing, and fiber furnish could not
 predict how much change would occur in sur-
 face texture.

 The absence of sizing material increased the

 amount of water absorbed and elongated the
 stages of drying. Thus, although type or degree

 of sizing could not be used to differentiate de-

 gree of change in paper texture, it had an in-
 fluence on the rate of drying. Since sizing af-

 fects the rate of drying and sizing did vary
 among the 12 experimental papers, the rate of

 drying does not appear to influence the final

 appearance.

 Drying of paper can be seen as a succession of

 stages: flooded, glossy-dark matte, dark matte,

 light matte, onset of physical distortion, and
 white. The onset of physical distortion, which

 occurred during the light matte stage, coincides

 with hydrogen bonding and shrinkage of fibers.

 This point occurred at about 63% solids for all

 papers tested.

 Humidification with water vapor results in

 the fibers attaining the fiber saturation point, a
 maximum of 86% solids after 3 hours and 81%

 after several days, a level insufficient to fully
 break and reform structural hydrogen bonds in
 the fiber network.
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 tory, Smithsonian Institution, gave invaluable
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 editorial skills, for which we thank them.
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 APPENDIX 1

 EXPERIMENT 2: QUANTIFICATION OF THE
 DRYING PROCESS

 Equipment

 Weight measurements were made on a Met-

 tier Balance (Model AE 160) accurate to 10-4
 grams. This model has the advantage of
 visibility from three sides and the top as well as

 easy access for sample manipulation and photog-
 raphy.

 A rigid stainless steel screen supported by a
 shaped wire stand (also stainless steel) was used

 on the balance pan to raise the sample into the
 middle of the chamber. This configuration al-

 lowed free movement of air around the sample.

 Other materials, including Teflon screening at-

 tached to Fome-Cor, were tested and found to

 be sensitive to changes in relative humidity. In

 related experiments, aluminum was also judged
 unsatisfactory for such work. Stainless steel was

 selected because it is non-reactive to changes in

 relative humidity.

 Samples were dried in a dry Stabl-Therm
 oven manufactured by the Blue M Electric
 Company. The temperature was stable at 105 +
 2"C.

 Procedure

 Three samples measuring 8 x 10 cm were cut

 of each kind of paper (except for sample 3). All

 samples were subjected to the procedures
 described below.

 The sample, which had been allowed to
 equilibrate with conditions in the paper
 laboratory (50 ? 2% RH at 720 + 20F) was
 weighed. The sample was then placed in a bath
 of deionized water for 2 hours. It was removed

 from the bath with tweezers, placed on a blotter

 to remove dripping water, then positioned on
 the stainless steel screen on the balance. The

 sample was allowed to air dry. After its weight

 and visual appearance were recorded it was
 placed on the balance, and every 5 minutes
 thereafter until it was approximately the same

 weight as before wetting.

 All of the doors of the balance were left open

 to facilitate drying. Each time a sample was to
 be weighed, the doors were closed and the
 balance allowed to reach equilibrium. The
 door at the top was then slid open, and a black-

 and-white 35 mm photograph was taken from

 above. The weight registering on the balance at
 the moment of the photo flash (or as close as

 possible) was recorded. The photographic
 record has not been used, thus far, in this study.

 After air drying, the sample was placed in a

 Mylar enyelope sealed by means of a sonic sealer
 on three sides. A small loop of stainless steel
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 wire was inserted at the opening of the en-
 velope to hold it open and allow moisture to
 escape. The envelop was placed in the dry oven
 at 105"C for 18 hours. After this time, the wire

 prop was removed from the envelope, and the

 Mylar envelope was slipped into a zip-locked
 polyethylene bag. The bag was further sealed
 by folding it onto itself and held closed with a

 weight. The sample was allowed to cool for 1
 hour. The sample was weighed in the Mylar
 envelope to determine the "bone dry" weight.

 From this weight, the percent moisture content

 at all other stages of the process could be calcu-

 lated. The formula and specifications for drying
 were taken from the standard test method

 ASTM D 644-55 (reapproved 1982). Percent
 moisture content figures (part of the ASTM
 method) have been converted to percent solids

 in order to facilitate comparison with the paper-

 making literature. (Percent moisture content is

 not the same as percent water.)
 W1 = original weight of (wet) paper
 W2 = weight of paper after oven drying-i.e., solids

 % Moisture content (MC)= W1W 00 W1

 % Water = W-W2100 W2

 % Solids = W2-X100 W1

 Examples: 150% MC = 60% water = 40% solids
 200% MC = 66.67% water = 33.33 % solids

 60% MC = 37.5 % water = 62.5% solids

 APPENDIX 2

 EXPERIMENT 3: PROLONGED HUMIDIFICA-
 TION OF SEVEN PAPERS

 Procedure

 After experiment 1 (immersion, observed
 drying process, and oven drying) each sample
 was removed from the mylar envelope in which

 it had been oven dried and placed in a paper

 folder. After several weeks' exposure to am-
 bient laboratory conditions (50 ? 2 % RH at 72*

 + 2*F), the samples were subjected to prolonged

 exposure to high relative humidity in a
 humidity chamber. A stainless steel tray was
 fitted with a stretched polyester screen
 suspended over a blotter, which was kept wet
 throughout the 120-hour period. The tray was

 kept covered with a ?-in thick Plexiglas sheet.
 The humidity chamber was monitored with a

 dial hygrometer, the relative humidity never

 reached 100%/6 RH but hovered around 95%
 RH for the entire period.

 NOTES

 1. A series of 35mm slides at 0.1x, 3x, and 22x was

 made of a smooth waterleaf cotton paper dried under

 a variety of conditions that both increased texture and

 decreased texture. These were presented in a lecture

 format to an audience of paper conservators. Many if

 not most of those in the audience were capable of

 observing the three different textural domains.

 2. Paper conservators know from experience that in

 drying paper from a flooded state, a "blot off" is

 required. Without this quick initial blotter change to

 a smooth blotter, the cockling blotters will distort the

 object. We believe that the early blotter changes are

 important to prevent sheet distortion. We also
 believe that an extended period of drying, after the

 initial blotter changes, is vital because intermediate

 blotter changes could fall during the critical period

 after the onset of physical distortion (at 63% solids, as

 explained in section 5.3). Determining the ideal
 length of the slow drying process was not a subject of

 this study. We believe the several weeks allowed in
 the early restraint method was probably excessive.

 3. The qualities of "surface texture" and "surface
 grain," as described in section 3, were not articulated
 to the trained observers. In retrospect, we recognized
 that these are the two texture domains that were

 judged.

 4. All of the analytical techniques except for early

 SEM analysis at Dupont and use of the Photovolt
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 meter at the University of Delaware were carried out

 at the Conservation Analytical Laboratory, Smith-

 sonian Institution, Washington, D.C., 1986-89. A
 Phototvolt Reflection Meter (model 610), based on a

 0*/0" illumination-measurement geometry was made

 available by Weaver, head of Textile Science Depart-

 ment, University of Delaware, Newark, Delaware. A
 number of Minolta Chroma Meters were used to

 measure surface texture using the L* parameter of the

 L*a*b* color measurement method: model CR-100,

 8mm diameter, using d/0" geometry; CR-110, 50
 mm diameter, using d/0" geometry; CR-131, 25 mm

 diameter, using 45"/0" geometry. Total reflectance
 was measured with a HunterLab Ultra Scan

 Spectrocolorimeter which uses an integrating sphere.

 Goniophotometric analysis was carried out with a
 HunterLab GP 200 Automatic Goniophotometer.

 Initial SEM examination was performed by Larry
 Gropp, technician, Dupont Experimental Station,
 Wilmington, Delaware.

 Further SEM examination was performed by Walter

 Brown, head of the Scanning Electron Microscope
 Laboratory, National Museum of Natural History,
 Smithsonian Institution, Washington, D.C., using a

 Cambridge 250 SEM with a LAB6 source. Samples
 were coated using a sputter coater, instead of a vapor
 deposition coater, which has been shown inferior due

 to more charging, for the coating of organic materials

 such as paper.

 5. The work presently under way by Jonathan Amey,

 using diode array technology, calibrated against a

 visual standard evaluated by a group of 10 trained
 observers, shows results that are just below the ac-

 curacy of a group of observers. If this work progres-

 ses, the technology has the potential to surpass a
 group of trained visual observers.

 6. Porosity measurements included Bendtsen air
 porosity, bubble count method (diameter of 10%

 largest pores), and measurement of the average
 diameter of the 35 largest pores). All tests were per-

 formed at the Institute for Paper Chemistry, Appel-

 ton, Wisconsin, now the Institute of Paper Science
 and Technology, University of Georgia, Athens,
 Georgia.

 7. Calculations of mean fiber length and width were

 performed using a Zeiss microscope at 40x.

 8. It should be noted that these results were obtained

 following a specific wetting and drying history. Each

 sample had passed through immersion (saturation), air

 drying, oven drying, equilibrium for several weeks in

 laboratory conditions, followed by prolonged ex-
 posure to high relative humidity. Prior history of

 moisture gain and loss affects moisture regain capacity

 as well as other part properties.

 9. The insight into the water vapor-aluminum inter-

 action was provided by Timothy Padfield, then en-

 vironmental specialist, Conservation Analytical
 Laboratory, Smithsonian Institution, Washington,
 D.C. Padfield is now a conservation scientist at the

 National Museum of Denmark, Lyngby, Denmark.
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