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The tensile properties of kraft cooked Norway spruce were studied by tensile testing with in situ X-ray diffraction
(XRD). Samples were of earlywood, cooked for varying times. The total lignin content of the samples was between
21.7% and 9.3%. Tensile tests with XRD were performed on wet samples, without XRD on dry samples. The
tensile strength, the modulus of elasticity (MOE), and the elongation at fracture/yield were determined. X-ray
diffraction was used to determine the microfibril angle (MFA) and the deformation of crystalline cellulose by
monitoring the reflection00 and 004 The (X-ray) Poisson ratio of crystalline cellulose was calculated, both
before and after the yield point. The tensile strength and the MOE of the wet samples were significantly lower
than in the dry samples. The tensile properties of dry samples were similar to dry earlywood samples of untreated
Norway spruce. The MFA only showed notable changes due to strain when it was initially large, when a diminishing
effect was observed. The Poisson ratio of crystalline cellulose was negative. The average values ranged between
—0.26 and—1.17 before the yield point and betwee®.86 and—1.05 after the yield point.
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Wood is a cellular solid with a complex, varying structure. e . - T Py I. ®
In a mechanical sense, the structupgoperty relationships of N °° o e e y »?
wood in a scale of several annual rings or entire stems are oo ~“%® 8 _ r"ﬁ\; L
nevertheless fairly well-known. There is a wealth of information o ‘? C (] : o ‘\. °
concerning the mechanical properties of different wood species | | 1o C 1 [
on this scale, see e.g. the book by Wagénfand Scheibet. ® $. oo P P ] s
Developments in instrumentation have increased the possibilites - ® ¢ @ .\,o i
of various studies on the mechanical properties of small scale b |o "?»" '.G\i;‘.i'ﬁ- __9
samples. Samples containing single or few cells from selected & s L P - e °

positions within single annual rings can be studied with respect " a b ——a
to macroscopic and ultrastructural parameters simultaneously. ) ) ] )

For instance, th Stength o te sample and he orentation ofFL1 L SSheTate v o i o) ol eniae eles
crystalline C(_allulf)se in the (_:eII walls hav_e bqth been.studled at \flith the programs BAM PowderCell 2.4 and POV-Ray 3.6. The
the same timé.°> Such diverse combinative studies have refiection planes 200 and 004 are shown on the left and right,
revealed a complex interplay between the chemical constituentsrespectively.

of wood, which is yet only partially understood.

Studies on the mechanical properties of small wood samples
or single cells are currently performed with a variety of different
methods, nearly all including some kind of in situ deformation.
Er_lvironmental scanning electron microscope (_ES‘EM) light axis b. The sheets are stacked along the aibeld together
microscopy® have been used to characterize the fracture only by weak van der Waals-type of interactidAst®
processes and the tensile properties of the entire samples. Fourier The tensile properties of crystalline cellulose are also

i 11 . . . )
tbransformdlrlfraredb(Ft'LIF%)’ff a?de:f[lm_a%? spfhctroscopy h?ve | dominant to the tensile properties of single wood cells, at least
een used (o probe he efiect of strain on the macromolecularic ye cellulose microfibrils are oriented nearly parallel to the

component§ of WOOd'_ . . . cell axis. The studies of wood on a macromolecular level have
The tensile properties of wood in the direction parallel 10 oyealeqd that in the direction perpendicular to the cellulose
the longitudinal cell axis are largely dominated by the tensile .nains the other, amorphous constituents of wood (mainly
. hemicelluloses and lignin) have a notable effect on the me-
50;3%0"Ee_;p;?dg%vzuéh;ifr-n';go@”ﬁgﬁﬁ}ilgl 50632. Fax:358-9-191 chanical properties of wood materfélTherefore, to gain more
p Uriiversity'of Helsinki. o knowledge_ abOI_Jt the tensile properties of cryst_alllne c_e_llulc_>se
* Universitd zu Kiel. in wood, it is of interest to examine wood material modified in

8 Helsinki University of Technology. such a way that the amorphous matrix is selectively gradually

properties of cellulose. In crystalline cellulose, the cellobiose
units are bonded with strong covalent bonds and form chains
along the crystallographicaxis, see Figure 1. The neighboring
chains are hydrogen-bonded and form planar sheets along the
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Table 1. Chemical Composition of the Samples?
tc [min] Y [%] k  AR[%] XYL [%] MAN [%)] GLU [%] TCH[%] GLI[%] DLI[%] TLI[%] EX [%]
120 60.6 65.1 0.74 578+ 010 451+008 67.7+12 787+12 20.69 1.00 21.69 0.24 +£0.01
150 55.0 64.0 0.72 6.36 £0.09 4.84+007 762+11 881+11 16.16 0.73 16.89 0.25 + 0.02
180 50.6 57.6 0.77 6.39+011 544+010 802+14 928+14 1198 0.59 1257  0.24 £0.02
210 499 415 0.59 6.95+0.12 490+0.09 842+15 965+15 10.05 0.49 10.54  0.35 £ 0.05
240 48.2 383 0.52 6.60+£0.12 515+0.09 842+15 965+15 8.82 0.45 9.27 0.24 £0.04

2 tc denotes the cooking time, Y is the yield of the cook, and « is the kappa number. AR denotes the mass fraction of arabinose, XYL xylose, MAN
mannose. GLU is the mass fraction of glucose and galactose combined, and TCH is the total amount of carbohydrates. GLI denotes the mass fraction
of gravimetric lignin, DLI denotes the dissolved lignin, and TLI is the total lignin content. EX is the content of acetone extractives. The determination
accuracy of the lignin and the arabinose amounts was calculated to be 0.01%.

removed. One possibility to doing this is to apply a pulping The size of the synchrotron X-ray beam was 25@50xm?, controlled
process. There is a wide variety of different processes availableby the piezo-electrically driven microslits of the beamline. The
and each has different effects and reaction mechanisms dependwavelength of the radiation was 1.5 A. Diffraction patterns were
ing on the chemistry of the proce¥s24 recorded by a 2D detector (Photonic Science Gemstar-2 HS, 9Zmm
The aim of this work was to examine the tensile properties 69 mm area, pixel size G, 1200x 1003 pixels). The time resolution
of kraft cooked Norway spruce using tensile testing and in situ of the individual diffraction patterns vga s (3 sxposure time, detector
X-ray diffraction. The macroscopic deformation of the samples readout 1 s), but every other diffraction pattern was taken as a dark
and the deformation of crystalline cellulose in the samples were image, thus the total time resolution was 8 s. Combined to the straining
examined simultaneously, by monitoring the reflectiag@®and speeds, this corresponded to a strain resolution of 1.6 qrmitper
004 of cellulose as the samples were strained. The results werediffraction pattern. In one case (sample 7) the dark images were not
compared to similar studies on native Norway spruce, reported recorded, and the strain resolution was @8 per diffraction pattern.

in a separate earlier publicati8h.The comparison made it Tensile tests were performed without in situ X-ray diffraction at the
possible to deduce the effect of the amorphous components onUniversity of Kiel using samples from the same material as tested at
the tensile properties of crystalline cellulose in wood. HASYLAB. The same testing apparatus as described above was used,

the only modifications being a different force sensor (ENTRAN ELPM-
T2M-125N-/L3M, maximum capacity 125 N) and a modified design
of sample clamps with horizontal grooves to improve the efficiency of
sample holding. The samples were stretched in dry condition with a
speed of 0.8 or 1.@m per second. A span of 5 mm was used in all

Materials and Methods

Samples.The sample material was Norway sprubécea abieqL.]
Karst.), grown in Finland. The kraft cooks were made from wood chips,
dried and screened according to the standard SCAN-CM 40:88. Pulping ©35¢S:
was performed in laboratory scale in a forced-circulation digester. The ~ Chemical Analysis.After the measurements the chemical composi-
charge of active alkali was 21.5%, the liquid-to-wood ratio 4:1, and tion of the samples was analyz&€&#® The analysis included the
the sulfidity 30%. The initial temperature was 80, and the heating- carbohydrate content, the amount of lignin, and the amount of
up rate was *C /min. The final temperature was held at 170 for extractives. To analyze the carbohydrate content, the samples were air-
150 min. Several batches of samples were collected, representingdried and the dry mass of the samples was determined according to
different stages of cooking. The samples used in the analysis werethe standard SCAN-C 3:78. The air-dried samples (0.3 g) were first
chosen from the stages where the final temperature was already reacheéinely grounded (30 mesh). The hydrolysis was performed with 72%
(see Table 1). The pulped chips were carefully washed with tap water sulfuric acid (3 mL) in a water bath at 30C for 60 min. The
to maintain the original structure of wood. Yields andumbers were hydrolyzate was diluted~84 mL) and placed into a sterilization
determined« numbers were determined according to standard SCAN-C autoclave at 126C for 60 min. After total hydrolysis the diluted (200
1:77. mL) solution was neutralized to pH 4 with anion-exchange resin. After

The samples for the tensile tests were made from the kraft cooked neutralization the hydrolysis sample (50 mL), containing internal
wood chips by cutting with a scalpel. Only the earlywood region of a standard (rhamnose), was evaporatee? (mL) and reduction to
single annual ring was chosen for each sample. For more information ¢orresponding alditols was effected with sodium borohydride (60 mg).
on the structure of Norway spruce cells, see e.g. the review by gqgiym jons were removed by a cation-exchange resin. The boric acid
Bréndstran® The length of the samples varied between 14 and 23 |ggijques were removed as methyl esthers. Acetylation of alditols was
mm, the width between 0.7 and 5 mm and the thickness between 0.3 56 6rmed under refluxing (12CT) with acetic anhydride and pyridine
and 1.0 mm. The area of the cross-section varied between 0.3 and 3. 1:1). The samples were analyzed by-ghguid chromatography using
mie. . ) . ) ) . a capillary column NB-1701. The program was isothermic (2C{

Tensile Testing and _X-ray Diffraction Experiments. The tens!le The temperature of the injector and detector was ZB0To analyze
tests were performed with a computer-cont_rolleq stretching _deV|ce that the extractives content, another part of the air-dried samples was finely
was designed and manufactured at the University of ¥i&train was . .

. . . ground (30 mesh) and then extracted by acetone with Soxhlet extraction
applied and monitored by a servo motor-controlled linear stage (Hauser tus. The extraction time was 6 h. Extractive content was
EMD SMH82/Compax 1000SL/S2 motor/controller, SKF LTB110 2PParais. : ' -on
linear stage). Force was measured by an Entran (ELPM-T1M-250N-/ determined from the We!ghted evaporated samples. The lignin content
L3M) sensor with a maximum load of 250 N. In all tensile tests, the was determined according to the KCL standard 115b:82.
strain was applied vertically, along the direction of the wood cells. Data Analysis. From the stressstrain curves the tensile strength,

For the experiments with in situ X_ray diffraction, the testing the modulus of elasticity (MOE) and the elongation at fracture were
apparatus was set up at the beamline A2 of Hamburger Synchrotron_analyzed. The tensile strength was found as the maximum stress of the
strahlungslabor (HASYLAB). The samples were stretched in wet Ssamples at fracture (or at yield point), and the corresponding strain
condition with a speed of 0.2 or 2m per second. The span used in  value gave the strain at fracture (or at yield). The MOE was analyzed
the tensile tests varied between 8 and 13 mm. The diffraction by dividing the stressstrain curve into segments covering 0.2% of
experiments were conducted in the perpendicular transmission geometryelongation. The MOE was determined as the slope of the first of these
where the incoming beam is perpendicular to the surface of the sample.segments by a linear least-squares fit, taking into account the me%f,br{a/-
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ment accuracy of stress. In two cases (samples 8 and 13) the second ? H J ! ' ?

segment was used due to abnormalities in the beginning of the-stress
strain curve.

The 2D diffraction patterns were transformed from rectangular (pixel)
coordinates of the detector to polar coordinatgsy), whereg is the
polar (or azimuth) angle arglis the magnitude of the scattering vector.
Hereq is given by

47t sin(@
q="75n0) W
wheref is half of the scattering angle#2and/ is the wavelength. The
structure of the cellulose unit cell, based on a recent rép@tshown
in Figure 1. The intensity profiles of the reflectio290 and 004 of
crystalline cellulose as a function gfwere used to obtain information
on the deformation of the unit cell. This was done by following the
positiongn of the diffraction peak and the lattice spacitg, defined
as

2
O = —

Ohwi @)

as a function of strain. The dimensional charggewas calculated as

dhkl B dth,O

®3)

E ==
K dth,O
wheredn anddno refer to the lattice spacing of the reflectibil in
strained and initial state, respectivedyiq for crystalline cellulose was
calculated both in the direction of the cellulose chains and in
perpendicular direction (Figure 1). This enabled the determination of
the (X-ray) Poisson ratio of crystalline cellulose by

€200

€004

(4)

whereeqos is the strain in the direction of the cellulose chains and
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Figure 2. Glucose content of the samples as a function of the lignin
content of the samples. The measurement accuracy of glucose
content was taken into account in the fitting.
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Table 2. Average Results of the Dry Samples, Grouped
According to the Cooking Time?

fc [min] TS [MPa] MOE [GPa] ek [%0]
120 41+6 3.40+043 3.6 +0.6
150 20+ 3 2.04+0.11 28+04
180 47 £3 2.73+0.31 48+05
210 32+10 2.32+0.10 3.9+05
240 72+ 4 3.21+0.19 51+03

a tc denotes the cooking time, TS is the tensile strength, MOE is the
modulus of elasticity, and «f is the elongation at fracture.

the fitting 3° An additional Gaussian peak, corresponding to the bigh
tail of the clearly separate reflectidi®2 at around 5% azimuth from
the cell axis, was also included in the profile. The fitting spanned from

is the strain perpendicular to the chains. The Poisson ratio was —90° to 9C°, but only the two Gaussians whose allowable peak positions
determined from every measured diffraction pattern before and after were from 0 to 45 were included in the MFA distribution. An example

yield/fracture and a weighted mean value was calculated.
The full width at half-maximum (fwhm) of the reflectior00 and
004 was also determined as a function of strain. This information was

used to follow changes taking place in the cellulose crystallites. Based

on the fwhm values prior to applied strain, the minimum initial width

and length of the cellulose crystallites was calculated by the Scherrer

formula

0.9

Dyy = ————
K Apy €0SOpy)

®)

where Dy is the size calculated from the reflectidikl, 4 is the
wavelength Any is the fwhm of the reflection, anélny is half of the
scattering angle. The calculat®ly are minimum values because the
instrumental broadening of the diffraction peaks was not known.
The azimuthal intensity profile of the reflectid®00 was used to
determine the orientation distribution of cellulose microfibrils (mi-
crofibril angle, MFA) as a function of strain. The profiles were obtained
by first summing the two symmetric halves of the entire intensity curve
to reduce the angular range from 380 18C. The orientation of the
intensity maximum of the profiles was then set to correspond to MFA
0°, i.e., to the orientation of the cell axis. Due to the observed
asymmetry in the MFA distribution of single Norway spruce tracheid
walls?° the MFA distribution was modeled as a sum of two Gaussian
functions. To take into account double cell walls, the MFA model of
two Gaussians was mirrored with respect to the orientation of the cell

of the fitting is shown in Peura et &.The areas of the fitted MFA
distributions were normalized to unity, and the expectation value and
the standard deviation of MFA were calculated from these distributions.

Results

The chemical composition of the samples is presented in
Table 1. As can be seen, the amount of lignin decreased from
21.7% to 9.3% as the cooking time increased from 120 to 240
min. The amount of hemicelluloses diminished relative to the
amount of cellulose as the cooking time increased. The amount
of extractives was on the same level, around 0.25% in all other
samples except those which were cooked for 210 min, where
the amount was 0.35%. The accuracy values were calculated
using the law of error propagation. When the amounts of lignin
and glucose were compared, a nearly linear relationship was
found; see Figure 2.

Results of the tensile tests of dry samples are presented in
Tables S1 and 2. Table S1 shows the results of individual
samples (Supporting Information), whereas the results in Table
2 are weighted averages according to cooking time. The stress
strain curves are shown in Figure 3. The results of the tensile
tests of wet samples with in situ X-ray diffraction are shown in
Tables S2 and 3, and the stres$rain curves are shown in

axis to obtain the model for the intensity profile. Since the utilized Figure 4. Table S2 shows the results of single samples
scattering geometry was perpendicular transmission, a narrow central(Supporting Information). The weighted averages according to
Gaussian peak situated at the intensity maximum was also included inthe cooking time are presented in Table 3. The accuracy V%']J_)e@
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Figure 3. Stress—strain curves of the samples measured at the
University of Kiel in dry condition. The figures on the left side show
the entire stress—strain curves; on the right side, details from the first
4% of elongation are shown. In the detailed figures, vertical lines are
drawn to show the range of MOE determination (from the start to
0.2% of elongation). The figures are arranged according to cooking
time. a, b: 120 min (samples D1—-D4); c, d: 150 min (samples D5—
D8); e, f: 180 min (samples D9—D12); g, h: 210 min (samples D13—
D16); i, j; 240 min (samples D17—D21). For more information on
the samples, see Table S1.
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Figure 4. Stress—strain curves of the samples measured at HASY-
LAB in wet condition. The curves plotted with solid lines represent
the samples selected for Figures 6, 7, and 9—12. The figure panes
are arranged according to the cooking time. a, b: 120 min; c, d: 150
min; e, f: 180 min; g, h: 210 min; i, j: 240 min. In the figures showing
the details (on the right side), vertical lines are drawn to show the
range of MOE determination (from the start to 0.2% of elongation).
In parts f and j a line is also drawn at 0.4% of elongation (MOE was
determined from between 0.2% and 0.4% in samples 8 and 13).
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shorter cooking times was more uniform, and the values of wet
samples were smaller than those of dry samples by a factor of
2—10. The elongation at fracture (or yield) was highest in the
longest cooked samples in both dry and wet cases (Tables 2
and 3). In the case of wet samples, the elongation was smallest
in the least cooked samples and, except for the samples cooked
for 180 min, the elongation at yield increased when the cooking
time was increased (Table 3). In the dry samples such a relation
was not found (Table 2). The elongation at yield/fracture as a
function of the mass fraction of lignin and glucose in wet and
dry samples is shown in Figure 5. In wet samples, the samples
with the highest glucose content and the lowest lignin content
elongated the most. In dry samples the behavior was less clear.
The average MOE was highest in the samples cooked the least
amount of time in both wet and dry samples, 0.36 and 3.40
GPa, respectively (Tables 3 and 2). The average MOE of wet
samples was considerably lower than that of dry samples by
roughly between 1 and nearly 2 orders of magnitude.

The initial MFA distributions of some of the samples are
shown in Figure 6. The number of samples presented in Figure
6 and in the subsequent figures was reduced to two samples
per figure to improve clarity. The expectation values and the
standard deviations of the initial MFA distributiondFAL
owmra) Of the individual samples are presented in Table S2. The
averages calculated according to cooking time are presented in
Table 3.IMFADOwas small, between°Zand 7 in all cases except
sample 12, where it was 1§Table S2). The standard deviation
of the MFA distributions varied between® &nd 16. The
average values dMFAOandoyvra are fairly constant among
the different cooking times, except for the averaly#-A[lof
the longest cooked samples (Table 3). This is due to the higher
MFACof sample 12.

The change ofMFAOas a function of strain is shown in
Figure 7. Most notable changes took place in samples 1, 3, and
12. The decline of MFAin sample 12 clearly followed the
stress-strain curve; see Figure 4. In samplé8FAwas also
diminished in the very initial stage of straining, but there were
large, seemingly random fluctuations in the values as well. In
other samples, no systematic change toward sni8lIEA COvas
observed as a function of strain. Fluctuations were observed
especially in the MFA range 2545°, but the changes were
not linked to the stressstrain curves in any systematic way.
Similar trends could also be observed with thges as a
function of strain. In sample 12, botAMFAD and owra
diminished about %, whereas in sample 8uwra diminished
about 7 andIMFAUabout 3. Examples of the fluctuations in
the MFA distributions can be seen in Figure 8, where the MFA
distributions of two samples (11 and 12) and the respective
[(MFADOvalues are presented as a function of strain.

The minimum initial width and length of the cellulose
crystallites in the samples are presented in Table S2, the averages
according to cooking time in Table 3. The width varied between

presented in Tables S1 and S2 were calculated as weighted34.4 + 0.8) A and (42.3+ 0.4) A in the individual samples
standard deviations of the measured quantities by using the law(Table S2). The average width was between 36.5 and 41.2 A
of error propagation. In Tables 2 and 3, the accuracy values (Table 3). No clear correlation between cooking time and the
were calculated as the weighted standard errors of the averageverage crystallite width could be observed. The length varied
values. The weights used in the calculations were the inversebetween (75.3+ 0.4) A and (165+ 3) A in the individual
square of the measurement accuracies of the individual mea-samples. The average length was between 77 and 144 A. The

surements.

samples cooked for the shortest amount of time exhibited longest

The tensile properties of both wet and dry kraft cooked crystallites, but the standard error of the average length was
samples exhibited large variations (Tables S1 and S2). Onlarge in all cases. The smallness of the average length in the
average, the samples cooked for the longest time had highestongest cooked samples is due to sample 12, which had
tensile strength in both wet and dry samples, 36 and 72 MPa, considerably shorter crystallites than the other samples. The
respectively. The average tensile strength of the samples fromfwhm of the reflection®04and200varied considerably in th&DV
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Table 3. Average Results of the Wet Samples, Grouped According to the Cooking Time?

tc[min] TS[MPa] MOE [GPa] er [%] vy v, MFAdeg]  owmra [deg] Daoo [A] Doos [A]
120 51+04 036+033 082+021 -1.06+0.53 —0.9840.46 6+1 12+2 402+1.0 144+11
150 104412 012+002 1.74+0.10 -0.91+0.25 —1.004+0.19 5+1 10+1 41.2+07 135+10
180 55420 006+0.03 1.424+0.04 —-0.76+0.30 —0.86+0.25 6+1 1041 37.0+07 125+4
210 37+14 0034001 1934013 -1.17+026 —1.05+0.26 5+1 1041 40.8+0.7 135+6
240 36.3+56 0204016 40+13 —0.26 £ 0.15 N/A 1146 1242 36.5+14 77+9

2 tc denotes the cooking time, TS is the tensile strength, MOE is the modulus of elasticity, and ¢ is the elongation at fracture. v, is the average Poisson
ratio of the cellulose unit cell, measured up to the yield point. v, is the average Poisson ratio after the yield point. IMFACand oyra denote the expectation
value and the standard deviation of the microfibril angle distribution prior to tensile tests. D2go and Dgo4 are the minimum initial thickness and length of the
cellulose crystallites, respectively.
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Figure 7. Change of the expectation value of MFA (IMFAD as a
function of strain. a, b: samples 1 (black) and 3 (gray), cooking time
120 min; ¢, d: samples 4 (black) and 6 (gray), cooking time 150 min;
e, f: samples 7 (black) and 8 (gray), cooking time 180 min; g, h:

0.04 El samples 9 (black) and 11 (gray), cooking time 210 min; i, j; samples
0.02 1 12 (black) and 13 (gray), cooking time 240 min.
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Figure 5. Elongation at fracture/yield in wet and dry samples as a
function of lignin content (a, ¢) and glucose content (b, d).
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Figure 6. Microfibril angle distribution in selected wet samples prior

to the tensile tests at HASYLAB. The distributions are arranged

according to the cooking time. a: 120 min; b: 150 min; ¢; 180 min;

d: 210 min; e: 240 min. €

values, but only for sample 12 these variations could be linked ;?:;?ei'll'v';fd Cyg"'ab“tt)'?”s:r?::)ltehiEﬂfﬁqaiaiquci'g” of strain in

to the stressstrain curve. In sample 12, the fwhm @94 was T A '

slightly diminished by strain, but also in this case there were the dimensions of the unit cell returned to their initial values

quite large fluctuations in the fwhm that were not due to the after the fracture of the sample, following the stressain curve

applied strain. closely especially in the direction along the cellulose chains.
The strain in the direction of the cellulose chains, along the In other samples the stresstrain curves exhibited a more

crystallographia axis, is shown in Figure 9. Figure 10 shows ductile behavior, also the strains of crystalline cellulose changed

the strain in perpendicular direction, along the axidn all more gradually after the yield point.

cases except sample 1, there existed expansion of crystalline The unit cell expanded both along the cellulose chains and

cellulose along both of the studied directions. In most casesin the perpendicular direction. This led to a negative (X-ray)

the expansion continued beyond the yield point. In sample 13, Poisson ratio of crystalline cellulose in all cases. The obta'EBq/
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a]  0.004 L iir 1 b B with different mass fractions of lignin was obtained. Also the
g L S proportion of hemicelluloses in the samples compared to

cellulose was diminished as a function of cooking time, but the

0 005 01 015 02

0.008 "2 c| 0008 gt S diminishing effect was smaller than that observed in the lignin
0.004 ’“M’“""“’m\ 0.004 W i content. The extractives content did not show significant changes
D, 005 01 045 03 o due to the pulping process. When the mass fraction of lignin
« DOBEc e 8] 0otz Ty f and glucose were compared, a negative correlation was found.
8 ; R P ol The initial MFA distributions were quite narrow in all
= o 001 002 003 samples, and the expectation value of MEMFEALD was low
0.008| o 9/ o008 < o hl in all samples except in sample 12. Therefore, the sample series
0.004 ’”W-'wmﬁmml 0.004 W had a fairly homogeneous microfibrillar arrangement. The small
00 005 0 045 02 0 ' ' ' (MFATIs typical of normally grown Norway spruce wood from
i W i oo Lt i Finland3! The initial average crystallite thickness showed
0.004 s 0.008] uns™ T Maiay variation, but it was not directly connected to cooking time or
= : . s s 00““—;0—1 802 005 = 004 '.[0' t'he cqntent of lignin or glucose in the samplgg. The average
€ € initial thickness was larger and the average initial length was

smaller than those reported for native Norway spruce early-

Figure 9. Strain of the cellulose unit cell along the crystallographic wood25 The average initial length of the crystallites in kraft

axis ¢ as a function of strain. a, b: samples 1 (black) and 3 (gray),

cooking time 120 min; ¢, d: samples 4 (black) and 6 (gray), cooking cooked samples was smaller than in untreated Norway spruce
time 150 min; e, f: samples 7 (black) and 8 (gray), cooking time 180 roughly by a factor of 2. The width was larger by-125%

min; g, h: samples 9 (black) and 11 (gray), cooking time 210 min; i, compared to untreated Norway spruce. Instrumental broadening
J: samples 12 (black) and 13 (gray), cooking time 240 min. (for comparison, 0.16with the same setup at HASYLAB except

for a different CCD detector) cannot give rise to such a
substantial effect as observed in crystallite length between native
and kraft cooked wood. The reflectid®00 is in any case so
wide that the small instrumental broadening does not have a
significant effect on the calculated crystallite widths. A similar
trend in both the length and the thickness of crystallites due to
kraft cooking was observed in Scots pine samples, where the
thickness of the cellulose crystallites increased from 30 to 34
A and the length of the crystallites decreased to about half
compared to the untreated sampigs.

The tensile tests were all performed along the longitudinal
direction of the cells. SincBMFAOwas low, the applied strain
was fairly parallel to the cellulose chains in the microfibrils.
When the tensile strength and the MOE of wet and dry kraft
cooked samples were compared, enormous differences were

0.008 T
0004 pfpilhi il L IELIHE

€200

0.04 found. Both the tensile strength and the MOE were smaller in
wet samples than in dry samples. The tensile stress was smaller
Figure 10. Strain of the cellulose unit cell along the crystallographic roughly by a factor of 210, whereas the MOE was between 1
axis a as a function of strain. a, b: samples 1 (black) and 3 (gray), and 2 orders of magnitude smaller in wet than in dry samples.
cooking time 120 min; ¢, d: samples 4 (black) and 6 (gray), cooking Also the elongation at yield/fracture was smaller in wet than in
time 150 min; e, f. samples 7 (black) and 8 (gray), cooking time 180 dry samples. In both wet and dry samples the longest cooked

min; g, h: samples 9 (black) and 11 (gray), cooking time 210 min; i,

: samples 12 (black) and 13 (gray), cooking time 240 min. samples elongated the most; in wet samples the least cooked

elongated the least. The tensile strength was highest in the
longest cooked samples, followed by the least cooked samples.
The MOE was highest in the least cooked samples, followed
oby the most cooked samples. This indicated that the material
ppecame more compliant as the cooking progressed, as was
expected from the decreasing in the lignin content as the cooking
time increased. The tensile strength and the MOE of the dry
kraft cooked samples were fairly similar to those of native dry
g earlywood of Norway spruce tested with the same apparatus.
The differences in the tensile strength and the MOE between
¢ Wetand dry kraft cooked samples were larger than the respective
significantly wider initial MFA distribution than the other differences between a sample of native wet latewood (M. Peura
samples and in which the MFA was also systematically affected €t @l-» unpublished data) and similar dry samjgfeghese
by straining. findings |nd|'cate that Kraft cooking had a more noticeable gffect
on the tensile properties when the samples were tested in wet
than in dry condition.
Discussion The orientation of cellulose microfibrils did not show
systematic changes as a function of strain in most samples. In
Kraft cooking was used to remove lignin from the sample the sample set which was cooked the least, a reductiiii [
material. By using different cooking times a series of samples and oura took place in the very early stages of straining, ELBV

Poisson ratio was remarkably similar both before and after the
yield point, although the Poisson ratios from the individual
samples showed some variation (see Tables S2 and 3). N
significant differences were found between the average Poisso
ratios of the samples from 120 to 210 min of kraft cooking.
The average values ranged betweet.76 and—1.17 before

the yield point and betweern0.86 and—1.05 after the yield

point. The samples which were cooked for 240 min exhibite
a significantly smaller average Poisson ratie0(26) than the

other groups. This was mostly due to sample 12 which hai
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thereafter the changes were fluctuations not connected to the0.11. For ramie cellulose, values of 0.540.09 and 0.38+
stress-strain curves. In sample 1BAFACandovea decreased 0.04 have been reportéd? For flax cellulose, a value of 0.46
as a function of strain before the yield point. After the yield 4 0.10 has been obtain€d.he negative Poisson ratios for kraft
point, MFAand ouea Were more or less constant. A similar cooked samples indicate that when the ligriremicellulose
reduction has been observed in wet Norway spruce with high matrix is removed, the mechanical properties of crystalline
[MFALP The result that MFA did not change much as a function cellulose are dramatically altered. Moisture is not responsible
of strain when the distribution was initially narrow and the for the effect; also wet untreated wood exhibited a positive
expectation value was small was similar to untreated dry Norway Poisson ratio (M. Peura et al., unpublished).
spruce?® Crystalline cellulose is most susceptible to changes in the
The fwhm of the reflectior200did not show marked changes environment around it along the axisThe expansion observed
due to straining. The fwhm dd04 exhibited similar behavior  in this direction due to strain is caused by the microfibrillar
in all samples but sample 12, in which the fwhm diminished. arrangement of the wood cells. The cellulose microfibrils are
In that sample also the MFA was affected. This is contrary to seldom oriented strictly parallel to the applied strain in the
untreated Norway spruééwhere clear diminishing effects were ~ sample. Nearly always there exists a component of the straining
observed in the fwhm 0004 as the samples were stretched, force that acts perpendicular to the hydrogen-bonded sheets. In
even while the MFA was not affected. In that study the fwhm normally grown wood, the amorphous matrix of lignin and
of 200did not show changes as a function of strain, similar to hemicelluloses provides support to crystalline cellulose along
results presented here. the axisa, and the Poisson ratio is positive. When wood is
Stretching the samples had a clear effect on crystalline PulPed, in this case by kraft cooking, the ligrihemicellulose
cellulose. The cellulose chains in the crystallites elongated on Matrix is gradually removed, starting from the lumina of the
the basis of the shift of the reflectiod04 The shift of the wood cells and proceeding toward the middle lamella without
reflection200indicated that the distance of the hydrogen bonded @ Significant lignin gradient in the secondary cell w52
sheets in the crystallites increased. This is contrary to untreatedOnly after the samples have been delignified by more than 50%
dry Norway sprucé’ In crystallites of the untreated samples S the middle lamella significantly and quite rapidly affected.
the length of the chains increased and the distance of the sheetd e order of progression of the delignification explains why
contracted. The tensile behavior where expansion occurs boththe observed Poisson ratio was negative already in the samples
along the strain and in perpendicular direction leads to a cooked for the least amount of time.
conclusion that crystalline cellulose in kraft cooked Norway ~ The removal of lignin and hemicelluloses causes the forma-
spruce is armuxeticmaterial, i.e., it exhibits a negative Poisson tion of pores in the cell wall structut®>*%5and an increase in
ratio. the degree of order in cellulo$&>’It also leads to the swelling

In a pioneering stud§? it was calculated that auxeticity could ~ ©f the cellulose crystallites in the crystallographicdirec-
be found in the in-plane direction of paper. The calculated tON-***°*When the cooking process is taken to lowumbers,

magnitude of the Poisson ratio was smaller thei10. In this there exists some aggregation of cellulose microfibrils as the
report the microstructure of wood cells was not taken into '€Sult of low residual hemicellulose contéft®Moreover, the
account. Auxeticity has been observed in an out-of-plane residual lignin is mostly chemically bound to different hemi-
direction of pape? In the hardwoods basswood, cottonwood celluloses, not to cellulose, and the bonding of the residual lignin
and soft maple, negative Poisson ratios betwe,ém36 and " to specific hemicelluloses varies as thaumber of the pulp is
' ) 61, 62

—0.316 were observed when the samples were stretched?!tered _ _ _
nonparallel to the orientation of the cells, at an angle 6ft0 In kraft cooked wood the crystalline cellulose still retains
the longitudinat-tangential plan&® From other biological ~ the helical arrangement around the lumina of the cells, even

material, the auxeticity of skin tissue has been discudsed. though the amorphous matrix is altered or removed. Since
However, in these studies the results were obtained from crystalline cellulose is not well bound to the reduced amorphous

macroscopical samples. matrix of the cell wall, the component of the straining force
perpendicular to the hydrogen-bonded sheets can cause the
expansion also in that direction. In the samples cooked to lower
x numbers, the expansion can also be partly due to shearing
interactions between individual cells and cell wall layers with
different microfibril orientations. In the samples with low
numbers, the cells are no longer held together rigidly by the
middle lamellae but can slide past one another. This effect
should be more prominent around and after the yield point in
the stressstrain curve.

Overall, there have been many reports on auxetic materials.
Most of these represent human-made materials, such as féams,
polymer chainsg or expanded polymer networRSAuxeticity
has also been reported on crystalline materials with a monoclinic
crystal structuré? which is also the structure of crystalline
cellulose p.13 There are also reports on theoretical calculations
and simulations which produce negative Poisson ratios for a
variety of different systems. These include isotropic matefials,
single crystald? honeycomb structurefibrillar networks?4-46
composite structured,and even extreme states of mattet.o

the authors’ knowledge, the results presented here are the first Conclusions
report of a biopolymer with measured auxetic tensile behavior
in the crystalline regions. The tensile properties of earlywood samples of kraft cooked

It has been discussed that, perpendicular to the longitudinal Norway spruce were studied. Prior to the applied strain, the
cell axis, the amorphous lignirhemicellulose matrix has a  cellulose crystallites were shorter and wider in kraft cooked
definite role for the mechanical properties of wood cé&liEhis samples compared to native Norway spruce wood, while the
was shown to be true between early- and latewood and juvenile MFA distribution was narrow also in kraft cooked samples. The
and mature wood of Norway spruce; the different types of wood tensile properties of dry kraft cooked samples were fairly similar
exhibited different Poisson ratios of crystalline cellul83én to those of native Norway spruce earlywood. The tensile
that study, however, all of the Poisson ratios were of positive properties of wet kraft cooked samples differed dramatically
sign, the averages ranging between 0228.10 and 0.82+ from the dry samples. The microfibril angle distribution W&BV
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not much affected by straining, except in the case where the (20) Kettunen, J.; Laine, J. E.; Yrjala, I.; Virkola, N. Bap. Ja Puu-

initial expectation value of MFA was fairly large. There a
systematic diminishing effect was noted before the yield point
in the stressstrain curve. Crystalline cellulose in kraft cooked

Pap. Timberl982 64, 205-211.
(21) Saka, S.; Thomas, R.\Wood Fiber1982 14, 144-158.
(22) Atalla, R. H.; Ranua, J.; Malcolm, E. Wappi J.1984 67, 96—99.
(23) Young, R. A.Cellulose1994 1, 107—-130.

Norway spruce was shown to have a negative Poisson ratio, (24) Hult, E. L.; Larsson, P. T.; Iversen, Flolzforschung2002 56, 179

i.e., it exhibited auxetic tensile behavior. Expansion took place
both along the cellulose chains and in the direction perpendicular (25)
to the hydrogen-bonded sheets of cellulose chains. On the basis

184.

Peura, M.; Ktin, K.; Grotkopp, I.; Saranfi@ P.; Muler, M.; Serimaa,
R. Submitted for publication.

(26) Bréandstron, J.IAWA J.2001, 22, 333-353.

of the structure of crystalline cellulose and on the structure of (27) sjestrem, E.; Haglund, P.; Janson,Siensk Pappersi.966 69, 381—

wood cells, possibilities contributing to the auxeticity were
discussed. These included the effect of the microfibrillar

orientation and the shearing interactions between neighboring

cells and cell wall layers.
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