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ABSTRACT

A testing system was developed to determine tensile properties of single wood fibers under
precisely controlled relative humidity conditions. Individual delignified Douglas-fir summer-
wood tracheids were tested axially in tension at moisture contents of 0, 6, 12, 18% and
in a water-soaked condition. Load-elongation curves were predominantly linear to failure
and curve shape was unaffected by moisture content, implying that stresses in tracheids
were borne primarily by a structural framework with a high degree of crystallinity. Mois-
ture content significantly affected tracheid tensile properties. Tracheids tested wet
exhibited the lowest strength and elasticity. The overall relationship between strength
properties and moisture was curvilinear with maxima in tensile strength and modulus of
clasticity at about 12 and 6% moisture content, respectively. Tensile strengths obtained
were higher than published values for other cellulosic fibers, Maximum internal stresses
on the cellulosic framework of tracheids were considered to approach those theoretically
calculated for cellulose chain scission, suggesting highly crystalline microfibrils containing

an extended-chain crystal lattice structure.

Additional  keywords:
curve.

INTRODUCTION

Although there have been an increased
number of studies during the past decade
on the tensile properties of individual wood
tibers, many aspects of their mechanical
behavior are still not understood. Investiga-
tions have been for the most part un-
related, and many different methods of
preparing and testing fibers have been em-
ployed. This disparateness, coupled with
a frequent lack of discussion of previous
findings, has led, in many cases, to a cloud-
ing of basic relationships. This seems par-
ticularly true regarding the effect moisture
has on tracheid tensile strength properties.
Comparatively little work has been domne
on this subject and the results obtained
have been conflictive. Some investigators
have indicated that wood fibers have
higher dry than wet strengths (Klauditz
et al. 1947; Russel et al. 1964; Kallmes and

*Condensed version of paper that received
honorable mention in the 1972 Wood Award com-
petition. Authorized for publication as paper No.
4351 in the journal series of the Pennsylvania
Agricultural Experiment Station.
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Pscudotsuga menziesii, tension tests, fiber strength, stress-strain

Perez 1966), whereas others have indicated
the opposite ( Wardrop 1951; Leopold and
Thorpe 1968). In addition, only two mois-
ture conditions were used in these studies—
wet and dry (room conditions). The
anomalies and cursory nature of these
studies indicated a need for further re-
search.

The primary purpose of this study was to
investigate how the static tensile stress-
strain relationship of Douglas-fir summer-
wood tracheids is influenced by quantita-
tive variations in moisture content. In
order to cover the complete range of fiber
moisture conditions, nominal moisture con-
tents selected were 0, 6, 12, 18, and 30%
(wet or water-saturated).

EXPERIMENTAL PROCEDURE
Preparation and selection of test specimens
To ensure a homogeneous tracheid sam-
ple, all test specimens were prepared from
the summerwood portion of a single growth
ring from a 100-mm-thick disc of Douglas-
tir (Pseudotsuga menziesii). Summerwood
trom the 32nd growth ring was split into
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Fie. 1.

Schematic diagram of tensile testing system.

Salient features include mercury scaled fan

(A), viewing box (B), stereoscopic microscope (C), chamber entry portal (D), plastic base plate (E),
stationary and movable tensile grips (F & 1), fiber grips {G), ball bushing (H, K), linear transducer
(1), load transmitting filament (L), mercury seal (M), low friction pulley (N), load cell (O), universal
testing machine movable crosshead (P), humidity sensor (Q), thermocouple (R), thermometer (S),
transducer wiring (T), load-clongation recorder (U), and conditioning chamber (V).

chips approximately 3 mm square in cross
section and 25 mm long, using a microtome
knife. Delignification was accomplished
using a chlorite holocellulose method simi-
lar to the one described by Jayne (1959).
Browning (1967) indicated that chlorite
holocellulose contains from 2 to 4% lignin
with some loss of hemicellulose (% to 2%).
A small sample of delignified chips sub-
jected to a procedure similar to TAPPI
Standard T 13 M-54 (1954), indicated that
delignified tracheids contained 2 to 3%
lignin. The average vield of the delignifica-
tion treatment was found to be 72%.

The single-tracheid test specimens were
sclected from dilute shuries of fibers using
a stereoscopic microscope. Specimens were
handled only at terminal areas using
jeweler’s tweezers and were examined at a

magnification of 40X for evidence of dam-
age. Test specimens were randomly
selected from a population of fibers greater
than 2.5 mm in length, the minimum re-
quired for subsequent tensile test prepara-
tion.

Tensile testing system

In order to accomplish the objectives of
this study, it was necessary to develop an
accurate and precise means of measuring
the axial tensile properties of single wood
tibers under carefully controlled and ex-
tremely varied relative humidity conditions.
Some of the problems involved in tensile
testing of single wood fibers are well vali-
dated in the literature as recently reviewed
by Duncker and Nordman (1968) and
Page et al. (1972). The tensile testing sys-
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Fic. 2.

Schematic of portion of gripping sys-
tem illustrating manner in which tracheid test
specimen  (A) was gripped during tensile test.
Ipoxy droplets (B) attached near specimen ends
formed hall-type joints with stainless steel fiber
grips (C) bonded to brass tensile grips (D) with
structural epoxy adhesive (E).

tem used in this study was designed and
built to eliminate or minimize some of the
concomitant difficulties that have been en-
countered. It employs a gripping method
designed for self-alignment of the test speci-
men, thus reducing the possibility of major
stress concentration. The gripping method
in conjunction with a horizontal testing
scheme minimizes the risk of handling
damage. The accuracy of deformation data
is increased by placing an elongation-mea-
surement device in close proximity to the
test specimen. In addition, testing was
accomplished under very stable and uni-
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Fic. 3. Single-tracheid test specimens, with
epoxy droplets near tracheid ends, secured across
channel on plastic platform. 4x.

form temperatures and relative humidities
even at extreme conditions.

The complete tensile testing system is
schematically illustrated in Fig. 1. A fiber
test is conducted by inserting the specimen
into the fiber grips (G) and lowering the
crosshead (P) of the testing machine. As
the crosshead is lowered, a horizontal force
is transmitted through the system to the
fiber and to the load cell (O) by the load
transmitting filament (L). The load cell
and linear transducer, connected to a re-
cording system (U), permit a continuous
record of the load-elongation curve for
sach test under precisely controlled en-
vironmental conditions.

Reproducibility of the testing system,
based on confidence-limit determinations,
was considered good in view of the biologi-
cal nature and minute size of the test speci-
mens. Testing of fibers in groups of 24 to
49 was sufficient to set fiducial limits on
the mean strength and elastic modulus of
* 6-16% at the 95% confidence level.

Gripping and preparing single tracheids
for testing

The method of gripping tracheids dur-
ing testing was similar to that used by
Kersavage (1962) and Schniewind (1966).
Test specimens were not gripped directly
but by means of small oval-shaped epoxy
droplets affixed near the terminal portions
of each specimen. When the specimen was
placed into the grips and force applied, the
epoxy droplets and the grips formed two
miniature ball-type joints, thereby loading
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Fic. 4. Air-tight mercury-sealed joint (A), for
load transmitting filament, and similar type joint
(B), for air movement apparatus of environ-
mental control chamber.

the specimen axially in tension. A fiber
grip consisted of a slotted stainless steel
disc with a minute center hole. Semispheri-
al grooves around each center hole were
designed to aid in fiber self-alignment,
thereby reducing conventional tendencies
tor stress concentration at the grips. A
structural epoxy adhesive was used to glue
the stainless steel grips to brass tubing, filed
to points to facilitate fiber insertion into
the grips (Fig. 2).

The first step in preparing single tra-
cheids for tensile testing was to secure wet
specimens across channels machined onto
Plexiglas platforms. Double-coated plastic
tape on each side of the channel held the
specimens in place during drying and sub-
sequent gluing operations. Minute globules
of a freshly mixed expoxy adhesive (3M
Scotch-Weld EC-1838 B/A) applied near
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TasLe 1. Average internal chamber conditions
and specimen moisture contents.

Conditioning Temp.a Relativeb Moisture Content®
Mechanism Humidity
© [63) )

Nominal  Actual

Phosphorus

Pentoxide

Powder

(PZOS) 22 1 0 0.8

Room

Conditions 22 29 6 6.0

Sodium

Nitrate

Crystal

(NaNOz) 22 66 12 12.1

Potassium

Bisulfate

Crystald

(KHSOA) 22 83 18 17.7

Water Soak 22 100 30 wet®

*Estimated average value obtained from recorded data
(range of * lOC)

b . .
Estimated average value obtained from recorded data
(range of * 1% RH)

c .
Average value based on three moisture content
samples.

d . .
Also included in the chamber were two small pans of
water.

eMoisture content was not determined.

the ends of each specimen formed oval-
shaped droplets completely surrounding the
fiber surface (Fig. 3). The droplets would
harden in the same shape since very little
shrinkage occurs during the epoxy curing
reaction. Specimen gage length, defined as
the distance between epoxy droplets, was
measured using a stereoscopic microscope
equipped with a filar micrometer eye-
piece and averaged 1.7 mm.

Environmental control chamber and
specimen conditioning

The airtight environmental control cham-
ber was constructed of %-inch Plexiglas,
and various types of epoxy adhesives and
aulking compounds were used to seal
chamber joints and holes made for installa-
tion of permanent equipment. A removable
access panel to the chamber was bolted
with wing nuts and sealed with a vaseline-
like silicone lubricant. With the access
panel in place, a rubber glove, secured to
the chamber entry portal, afforded access
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Fre. 5.

to the test specimens within the chamber.
Airtight mercurv-sealed joints shown in
Fig. 4 allowed the apparatus to function
normally while at the same time permitting
tensile tests to be conducted in a closed
system of precisely controlled atmosphere.

The required internal chamber test con-
ditions were obtained and maintained
through the use of dry chemical solids
shown in Table 1 and the thermostatically
controlled temperature conditioning system
of the testing room. All of the speci-
mens except those tested wet were condi-
tioned a minimum of one week before test-
ing. The wet tests were accomplished by
wetting each test specimen just prior to
testing. The water formed into a small
drop between the two grips, completely
engulfing the test specimens. After a 1-min
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Ultropak objective and micromanipulator used in cross-sectional area measurements of single
wood tracheids.

soaking, the test was conducted while the
fiber was immersed in water.

A continuous recording of temperature
and relative humidity within the environ-
mental chamber was obtained using a
copper-constantan thermocouple and an
electrical humidity sensor (Hygrosensor),
wired into a two-channel millivolt recorder.
Temperature and relative humidity could
be measured to the nearest 0.1 C and 0.5%,
respectively.

Estimates of the average moisture con-
tent (moisture expressed as a percentage
of oven-dry weight) for each of the test
conditions except wet were obtained from
representative moisture content samples
contained in glass weighing bottles, using
the oven-drying method described by
Browning (1967). The nominal moisture
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content for the wet specimens was assumed
to be 30%. While it is recognized that the
actual wet moisture contents would be
considerably greater for the delignified
tibers in view of the findings of Stone and
Scallan (1967), earlier work has shown that
mechanical properties of woody, lignified
tissue do not tend to change with moisture
content above the 30% level.

Measurement of load-elongation

Load-elongation  measurements  were
made on a universal testing machine
(Tinius Olsen 1000-1b capacity XY Electo-
matic LoCap) equipped to produce load-
elongation curves. The machine was also
fitted with a sensitive load cell capable of
measuring breaking loads from 0 to 250 ¢
with an accuracy of = 0.3 g. The test speci-
mens were elongated at a rate of 0.1 mm
per minute (0.6 mm/mm/min). Elonga-
tion measurements were made using a
linear voltage differential transformer. With
it, elongations up to 2.50 mm long could
be made with an accuracy of +0.002 mm.
Deformation in the tensile grips and epoxy
droplets was found to be negligible under
expected load ranges.

Cross-sectional aread measurements

The method developed to obtain cross-
sectional area involved the direct observa-
tion and photographing of fiber cross sec-
tions, using a Leitz Ortholux microscope
equipped with a 50x Ultropak objective,
10 Periplan eyepiece, and a Leica 35-mm
camera body. A compensating planimeter
was used to measure cross-sectional area
from the photomicrographic prints. The
method did not require any embedding,
thereby eliminating a major source of error
and difficulty in previous experiments (Har-
dacker 1969).

Prior to photomicrographing, each test
specimen was sliced with a single-edged
razor perpendicular to its long axis near
the point of failure. The sliced specimen
wis then secured, by means of the epoxy
droplet, to a micromanipulator consisting
of a glass sphere seated in a ball bushing
fastened to a glass slide (Fig. 5). A small

PAUL C. KERSAVAGE

100H———

LOAD (g)

. Y SO

0.048

o 0024

ELONGATION (mm)
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typifying most frequently encountered curve shape.

quantity of modeling clay fixed atop the
sphere kept the fiber in place. The sphere
could be rotated in any direction, while the
slide, fitted onto the microscope object
holder, could be moved horizontally and
vertically by the microscope mechanical
stage. This allowed easy positioning of the
specimen and facilitated critical focusing of
the cross section,

RESULTS AND DISCUSSION
Load-elongation curves

Most  specimens tested, regardless of
moisture content, exhibited linear load-
elongation curves of the type shown in
Fig. 6. They are characterized initially by
a slightly concave upward curvature for a
short distance followed by a linear or
Hookean portion until failure. Similar types
of curves have been noted in the literature
as being predominant for wood fibers
(Hartler et al. 1963, Duncker and Nord-
man 1965; Tamolang et al. 1967; Smith and
Morton 1968; McIntosh and Uhrig 1968;
Leopold and Thorpe 1968). Linear curves
were also reported by Jentzen (1964) and
Kallmes and Perz (1966) for fibers dried

without restraint, but they found curvi-
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TasLe 2. Average tensile properties and coefficients of variation for single delignified Douglas-fir
summerwood tracheids at each level of nominal moisture content.
Property Statistical Nominal Per Cent Moisture Content
Parameter 0 6 12 18 30 (wet)
Breaking Load Avg., 38.2 ¢ 46.7 B 61.4 A 51.8 B 30.0 D
(g) c.v. (38.9) (37.2) (23.7) (24.6) (42.2)
Cross—-sectional Avg. 447 C 494 BC 486 BC 524 AB 576 A
area c.v, (21.7) (23.0) (20.6) (21.3) (28.9)
(pm™)
Tensile Avg. 87.0 C 95.5 BC 128.3 A 99.8 B 53.4 D
Strengt c.vV. (38.9) 34.7) (24.5) (23.2) (42.9)
(kg/mm™)
Modulus of Avg. 2840 AB 3040 A 2890 AB 2700 B 1580 C
Elasticity c.V. (32.6) (22.8) (18.7) (25.9) (39.7)
(kg/mm"™)
Number of Fibers 24 45 41 49 30
Tested

8Means followed by same letter are not significantly different from each other.

Based on multiple

comparison of study variable means using Duncan's (Bayesian) least significant difference test computed
with minimum-average-risk T=1.7698 for K=100 (alpha approximately equal to 0.05).

b : .
Per cent coefficient of variation in parentheses.

linearity (concave downward) in the ter-
minal portions of the curves for fibers dried
in tension. Jayne (1959) reported that this
latter type of curve was predominant, al-
though his fibers were not dried in tension.
Hardacker (1962) found curves that were
extremely variable in shape, ranging from
strictly linear to complex curvilinear types.
Dumbleton (1972) found that negatively
straining fibers resulted in sigmoidally
shaped curves. Similar curve shapes were
reported by Page et al. (1972) for fibers
buckling prior to failure; otherwise sub-
stantially linear curves were found.

Most of these findings have indicated
that wood fibers stressed axially in tension
exhibit essentially linear load-elongation
curves and that the curve shape is relatively
independent of most factors, such as
delignification, species, and moisture con-
tent.

The Hookean type load-elongation curves
obtained in this study at various moisture
contents raised the question whether the
testing system masked some curvilinearity
that may have been present and whether
it was sensitive enough to detect subtle
changes in stress-strain relationships such
as yield point and regions of flow. To

check this hypothesis, tests were conducted
on individual wool and rayon fibers—
materials that are known to exhibit plastic
deformation. The load-elongation curves
that were obtained had shapes similar to
published curves for these fibers and con-
tained excellent examples of linear or
Hookean regions, proportional limit, and
complex curvilinearity in the regions of
plastic flow. These findings suggest that
the tensile system used in this study validly
depicts the shape of load-elongation curves.

Sensitivity of tracheid tensile properties to
moisture content

The tensile property results are sum-
marized in Table 2. An analysis of vari-
ance revealed that the moisture content
treatment of the test specimens significantly
(0.1% levels) affected their tensile prop-
erties. One of the most notable effects
occurred as the result of wetting the speci-
mens and testing them in a saturated con-
dition. The wet specimens in comparison
to any of the dry specimens, whether tested
at (), 6, 12, or 18% MC conditions, had con-
siderably lower breaking loads, tensile
strength, and Young’s moduli. A multiple
comparison test (Table 2) indicated that
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Fic. 7. Comparison of results from studics reporting on the relationship between breaking load of

individual pulped-wood tracheids and relative humidity.

these differences were statistically signifi-
cant (approximately 5% level).

The reduction in breaking and tensile
strength upon wetting was qualitatively
similar to findings of Klauditz et al. (1947);
Russel et al. (1964); and Kallmes and Perez
(1966) for pulped wood tracheids. It was
in contrast, however, to the results of War-
drop (1951) for earlywood tracheids and
Leopold and Thorpe (1968) for latewood
tracheids, who found higher breaking loads
in the wet condition. The ditferent strength-
moisture relationship found in these studies
are graphically illustrated in Fig. 7.

The reason for these differences is not
entirely clear. Higher wet strength of cot-
ton fibers was explained over 40 years ago
on the basis that wetting allowed a more
uniform stress distribution, thereby result-
ing in an increase in breaking strength
(Brown et al. 1930). Wardrop (1951) and
Leopold and Thorpe (1968) explained their
higher wet strength for pulped wood fibers

in a similar manmer. On the other hand,
the higher dry strength of pulp tracheids
tested by Klauditz et al. was explained on
the basis of a closer contact of cellular
constituents upon drying. They felt that
the remaining cellulose and hemicellulose
took up spaces left by desolubilized com-
ponents, causing the formation of a more
strongly bonded and denser cell wall, with
a resultant strengthening of tracheid co-
hesiveness and strength,

It is difficult to reconcile all of the data
on dry and wet strength differences and to
form a generalized statement regarding the
effect of wetting on pulped wood tracheids.
A possible explanation of this anomaly, es-
pecially in view of the wide variety of ex-
perimental conditions associated with each
of these studies, is that the conflicting find-
ings may have been the result of some ex-
perimental factor. For example, Negishi

(1946, 1947) found that fibers dried under
tension no longer exhibited differences be-
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tween dry and wet strength. The fact that
Klauditz et al. found that drying and re-
wetting resulted in an increase in wet
strength (5.3 to 10.8 g) is additional evi-
dence that pretreatment of fibers can affect
their strength,

The possibility that low wet strengths in
this experiment were induced by some facet
ot the testing method was seriously con-
sidered. This hypothesis was checked using
cotton fibers and reasoning as follows. If
the test method itself caused a lower wet
strength, it would be likely to do so on
other fibers as well. Consequently, cotton
tibers, which are known to be stronger or
at least as strong in the wet condition as in
the dry (Meredith 1956), were tested in
the dry and wet state using the same
methods employed in this study. Practically
all cotton fibers tested wet had higher
breaking loads and the average breaking
load was higher for the wet cotton fibers
(7.8 as compared to 4.3 g), which was
similar to results found in the literature.
On this basis, it was concluded that the
testing method itself was not the likely
cause of the lower wet strength values
found in this study.

It the wet strength results of this study
are valid estimates and not artifacts, what
then is the explanation of the lower wet
strength values? It apparently is not due
only to loss of lignin since both lignified
and  delignitied tracheids have exhibited
lower wet strengths (Kersavage 1971; de-
tails of findings on lignified tracheids will
be published later). These results suggest
that the reason for lower wet strengths may
be associated with a factor common to each
of the specimens—the holocellulose or car-
bohydrate portion of the cell wall, regard-
less of the presence of lignin. This is sur-
prising in view of the findings that certain
native cellulose fibers with little or no
lignin such as cotton, ramie, and flax have
somewhat higher wet than dry strengths
(Meredith 1956). [Towever, these non-
woody fibers consist primarily of cellulose
and contain very little hemicellulose, sug-
gesting that the relatively larger amount of
hemicellulose contained in the test speci-
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mens of this study may be a key factor in
the differential effect of wetting.

On the basis of these observations. it is
interesting to speculate as to the mecha-
nisms by which cellulosic fiber tensile
strength is affected by moisture. Higher
wet strengths of fibers with high cellulose
but low hemicellulose content, such as cot-
ton, might be explained on the basis of the
behavior of cell-wall constituents as they
dry. Since it is known that cellulose be-
comes increasingly brittle as it dries (Her-
mans 1949), it is conceivable that in drying
it also becomes increasingly susceptible to
the development of strength-reducing flaws,
thereby resulting in a fiber that is stronger
wet than dry. The holocellulose in wood
fibers is probably affected in a similar man-
ner with changes in moisture except that at
the higher moisture levels, and especially
at saturation, the hygroscopic hemicellulose
may become especially plastic and weak
(Clark 1969), resulting in a weaker overall
bonding between cellulose structural units,
and therefore a fiber with lower wet than
dry strength.

Mechanisms similar to those discussed
above conceivably could have led to the
curvilinear relationships between tracheid
moisture content and breaking load and
tensile strength as shown in Figs. § and 9.
As the tracheid dries initially, the hemi-
cellulose becomes less plastic and the over-
all bonding between the carbohydrates be-
comes stronger, resulting in an increase in
strength.  As drying continues, cell-wall
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shrinkage and densification continues and
the carbohydrates—the cellulose in particu-
lar—start becoming inflexible and brittle,
and consequently more susceptible to the
development of microchecks and other
flaws, and therefore progressively weaker.
Apparently, a point is reached at which the
weakening of cellulose because of its in-
creased brittleness and the strengthening of
hemicellulose  because of its reduced
plasticity result in an optimum in tracheid
strength.  An optimum for this study oc-
curred at a relative humidity of about 60
to 70%. This is also the relative humidity
range where increases in strength of cotton
tibers with increases in moisture begin to
level off, and also where rayon fibers be-
gin to decrease in strength at a much higher
rate (Wakeham 1954; Meredith 1956). This
latter behavior is how hemicellulose in the
experimental tracheids may have reacted.

Curvilinear relationships between mois-
ture content and tensile strength properties
similar to those found in this study have
also been reported for wood (Kollmann
1951; Ifju 1964), paper (Brecht 1962;
Broughton 1967), and jute fibers (Zylinski
1958).

Wetting also caused a considerable and
signiticant decrease in modulus of elasticity
(MOE) of the specimens tested in this
study. These findings are in agreement
with the results of similar experiments on
wood fibers (Russel et al. 1964; Kallmes
and Perez 1966) and textile fibers of various
types (Meyer and Lotmar 1936; Meredith
1956; Wakeham 1954). This effect could
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be considered ubiquitous for cellulosic
fibers, since no contradictions could be
found in the literature.

The reduction in MOE on wetting can
be explained primarily on the basis that in
the swollen condition there is a reduction in
cell-wall cohesiveness or in the bonding be-
tween cellulosic fibrils and within other
cellulosic substances. This explanation is
consistent with the concept that layers or
clusters of water molecules sorbed onto
intracellular surfaces act as a lubricant re-
sulting in an overall slippage between
tibrils upon stress (Ifju 1964).

Over the total range of moisture content
conditions, the MOE of test specimens
exhibited a tendency to increase as they
were dried from saturation, reaching an
optimum at about 6% MC (25 to 30% RH).
Below this moisture level, the MOE de-
creased slightly with decreases in MC ( Fig.
10). Similar relationships for wood have
been reported (Kollmann and Krech 1960:
Kadita et al. 1961).

The basic reason for the decrease in
MOE of the experimental tracheids at the
lower moisture levels may be associated
with changes in the matrix responsible for
redistributing applied loads to the struc-
tural load-bearing cellulose. As the matrix
becomes dry, it becomes increasingly in-
flexible and therefore less efficient in trans-
mitting stresses to the structural phase of
the tracheid two-phase system. At these
dry levels, the matrix bears a greater por-
tion of the external loads, and because of
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TasLe 3. Comparison of average tensile properties of individual Douglas-fir fibers from present
study with published data.
Tensile Dataa

Researcher and Fr® Mo oL T RH  BL csy TS, MOE, STRAIN N
Year of Study (mm) «©) ) (g) (um“) (kg/mm”) (kg/mm") (%)
Van den Akker KR 23 50 17.4 272 63.9 103
et al. (1958)
Jayne L CH 2.5 22 50 516 99.7 4464 2.4 7-10
(1959)
Kersavage L CH 2.8 19 65 6 619 63.0 10
(1962)

d
Dinwoodie KR 204 659 43.6 50
(1965)
Schniewind L CH 21 65 60.4 627 96.1
(1966)
Kersavage L CH 1.6 24 63 4 486 128.2 2883 4.5 41

(Present Study)

3FT - Fiber type, MOI - Method of isolation, GL - Gage length, T - Temperature, RH - Relative humidity,
BL - Breaking load, CSA - Cross-sectional area, TS - Tensile strength, MOE - Modulus of elasticity,
STRAIN - Ultimate strain, N ~ Number of specimens tested.

bL ~ Latewood.

CkR - Kraft, CH - Chlorite holocellulose.

dFram Dinwoodie 1973, personal communication.

its relatively lower modulus (Mark 1967)
results in a greater tracheid elongation per
unit of stress and a concomitant lowering

of the tracheid’s MOE.

Evaluation of experimental results

Table 3 compares the results with those
of other studies in which Douglas-fir tra-
cheids have been tested. Tt shows that the
average breaking load and tensile strength
of tracheids tested at 12% moisture content
in this study were higher than those pre-
viously found. In fact, compared to cellu-
losic fibers in general, tested under simi-
lar conditions, the experimental tensile
strengths are higher than any other re-
ported, whereas the experimental MOE
values fall within the range and above the
median.

The maximum tracheid tensile strength
found in this study was 238 kg/mm?2. This
was considerably less than a recent theoreti-
cal calculation of the axial tensile strength
of a cellulose molecule of 1930 kg/mm?
(Mark 1967). The difference between

these values reflects the fact that not all of

the tracheid cross section consists of axially
aligned structural cellulose.

A stress analysis designed to ascertain
the degree of internal stress on the tan-
gential walls of the S2 layer indicated that
stress on the cellulosic framework was 8.3
times the total applied stress (Mark 1967,
Mark and Gillis 1970). Using this adjust-
ment factor, the maximum axial tensile
strength of cellulose in this study becomes
1970 kg/mm*, which is in the same order
of magnitude of the theoretical value. The
tinding suggests that cellulose microfibrils
are highly crystalline along their entire
length and that cellulose chains are not
likely to have a folded configuration. The
fact that the estimated internal stress of the
majority of experimental test specimens was
less than the theoretical can be explained
on the basis of flaws in the cellulosic frame-
work.

CONCLUSIONS
Based on the results of this study, the
following conclusions were drawn regard-
ing the mechanical behavior of individual
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Douglas-fir latewood tracheids of the type
and under the conditions used in this in-
vestigation:

Freely dried wood tracheids stressed
axially in tension exhibit load-elongation
curves containing a short concave upward
portion followed by a predominantly linear
portion to failure. Failure is abrupt and
generally not preceded by yield. The shape
of the curves is affected very little by mois-
ture content, suggesting that the external
stresses in tracheids are borne primarily by
a highly crystalline cellulosic framework.
The lack of any clear-cut vield or plastic
tlow region indicates that the cellulosic
framework exhibits little or no plastic de-
formation under short-term stress, presum-
ably because large intermolecular forces
prevent any extensive rheological move-
ments.

Moisture content has a significant and
complex effect on the tensile properties of
tracheids. In the water-saturated state, de-
lignified tracheids exhibit a minimum in
breaking load, tensile strength, and modu-
lus of elasticity. As these tracheids dry,
their breaking loads and tensile strengths
increase to a maximum at about 12% mois-
ture content, and then decrease thereafter.
Qualitatively, modulus of elasticity behaves
similarly, but the maximum is reached at a
moisture content of about 6%. Maxima in
the strength property-moisture content re-
lationships are due primarily to the dif-
ferential effect moisture has on the hemi-
cellulose and cellulose portions of the cell
wall.

Internal stresses on the cellulose frame-
work in the S2 layer of tracheids exhibiting
the highest tensile strengths in this study
werce estimated to approach values theoreti-
cally calculated for crystalline cellulose.
This suggests that tracheid microfibrils are
highly crystalline with a good extended-
chain crystal lattice and are not likely to
contain disorganized or amorphous regions
or cellulose chains with folded configura-
tion.
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