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The paper explores the measurement, using X-rays, of the micro-fibril angle of the
cellulose fibres in the S2 layers of the cell walls of soft-wood, particularly pinus radiata. It is
demonstrated that unambiguous values of the micro-fibril angle can be obtained from
small angle X-ray scattering patterns if the X-ray beam is directed at 45 degrees to both
sets of cell walls, with the cell axes vertical. The theory of the method is presented and
justified. Examples of the measurement of the micro-fibril angle in pinus radiata specimens
are given. It is demonstrated that the scattering patterns obtained with the X-ray beam
directed normal to one set of cell walls are not capable of yielding micro-fibril angle values.
The wide-angle diffraction pattern from the (002) planes with the X-ray beam equally
inclined to both sets of cell walls has been analysed. The analysis has been justified
experimentally and it is shown that the S2 fibres give rise to eight intensity maxima round
the (002) circle and that the azimuthal angles can be related to the micro-fibril angle. It has
not been possible to resolve the eight peaks. Wide-angle diffraction patterns revealed four
peaks, each comprising two merged adjacent peaks. The azimuth angle at the centre of
each of the four peaks is the average of those for the two constituent peaks. It is
demonstrated that values of the micro-fibril angle can be obtained from this average
azimuth angle. © 2000 Kluwer Academic Publishers

1. Introduction the elastic modulus along the grain is high because it
The individual cells of softwood, of which pinus radi- is simply determined by the elastic modulus and the
ata is an important example, are rectangular in sectionjolume fraction of cellulose. If the micro-fibril angle is
20-60um across, and about 3 mm long. A cell wall large, the fibres in S2 behave like close-coiled springs
(see Fig 1) comprises three layers, designated S1, Sand the modulus is low. Changes of micro-fibril angle
and S3.Where two walls of adjacent cells join there arecan result in modulus changes by a factor of at least
six layers, two each of S1, S2 and S3. The layers comfive.

prise natural cellulose filaments embedded in a matrix ProfessorJeremy Astley of the Mechanical Engineer-
of lignin and hemicellulose. The cellulose fibres in theing Department of the University of Canterbury in New
S1 and S3 layers lie roughly at right angles to the cellZealand is modelling the cell structure of pinus radiata
axis. The fibres in the S2 layers form helices makingand is applying finite element analysis to the model
an angle M, called the micro-fibril angle, to the axis of to predict the nine elastic constants of this orthotropic
the cell. Micro-fibril angles are typically in the range material. It emerges clearly from this analysis that the
10 to 40 degrees. The sets of fibres in the two S2 laymicro-fibril angle of the cellulose in the S2 layers plays
ers of one wall lie in mirror image orientation relative a dominant part in determining the values of the elastic
to the cell axis. About 80% of the cellulose lies in the constants.The Manchester Materials Science Centre is
S2 layers. Since cellulose has a higher elastic modusollaborating in this project by making measurements
lus than lignin or hemicellulose, it would be expectedof elastic constants on clearwood samples to compare
that the cellulose fibrils in the S2 layers dominate thewith the predictions of the model. It is also making
elastic stiffness of wood specimens. Convincing evi-measurements, in collaboration with the Synchrotron
dence is emerging that this is the case and, in particulat,aboratory at Daresbury, of the micro-fibril angle of
the modulus is sensitively affected by the micro-fibril the elasticity specimens. This paper is concerned with
angle in the S2 layers. If the micro-fibril angle is small, the micro-fibril angle measurements.
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Figure 2 Diagram of a cell with the X-ray beam directed normally to
one set of cell walls.

strongest X-ray reflection from the cellulose crystal is
from the (002) planes, which reflect at a Bragg angle
of 11.3 degrees with Cu Kradiation. The normal to
the (002) planes is perpendicular to the b direction, that
is perpendicular to the fibre axis, so for a vertical fi-
bre the (002) diffraction spots will lie in the equatorial
/ plane. Weaker reflections occur from the ) @nd the

(101) planes whose normals are also perpendicular to
the fibre axis. There is also a strong (021) reflection
and a weak (040) reflection which lies on the merid-
S1 82 83 ian of the diffraction pattern for a vertical fibre. Cave
Figure 1 Diagram showing the shape of the soft-wood cells and theha_S Sugg‘?StEd using the (040) reflection to measure the
composite structure of the cell walls. L, R and T are respectively themicro-fibril angle.
longitudinal, the radial and the tangential directions in the cross-section Consider now the X-ray scattering from a wood sam-
of the tree. ple with the axis of the cells aligned vertically and
the X-rays incident normally on one set of cell walls
. o (see Fig. 2) which we shall call the front walls. The
2. Measurement of micro-fibril angle ~ cellulose fibres in the S2 layers of the front walls will
A number of techniques for the measurement of microproduce diffraction spots in an azimuthal direction per-
fibril angle have been reported. Individual cell walls hengicular to their length. The spots will be extended
can be exposed by microtoming and the cellulose fibregiong the (002) diffraction ring because the fibrils that
can be decorated with either iodine [1] or mercury andmake up the fibres will wander slightly around the axial
the fibre orientation can be measured microscopicallygirection. Cave assumes that this will produce a dis-
Alternatively polarised light[2] can be used. Also infra- trihytion of intensity round the diffraction ring that is
red spectroscopy [3] has recently been reported as @aussian. The position of peak intensity of the spots
possible technique for micro-fibril angle measurementfrom the two sets of fibres in the S2 layers will be sepa-
~ By far the most commonly used technique, howeveryated by an azimuth angle equal to twice the micro-fibril
is wide-angle X-ray scattering (WAXS) using the re- gpgle. So if the position of the peak intensity in each
flection from the (002) planes. This technique was pio-spot could be located the micro-fibril angle could be
neered by Cave [4] who made important contributionsmeasured directly. This turns out not to be possible, in
to its understanding. The method based on Cave’s anajhe range of micro-fibril angles of practical importance,
ysis was explored by Melan [1]. He verified Cave’s pecause the (002) diffractions from the cellulose fibres
method by making parallel measurements of microp, the other set of cell walls that are parallel to the X-
fibrilangle using the iodine staining method and X-rays.ray peam, that we shall call the side walls, obscures the
We discuss this metho_d below. This discussion leads USeaks. We show later that the (002) diffraction from the
to propose an alternative approach. S2 fibres in the side walls lie at azimuth angles between
about+10 degrees te-10 degrees of the equator of the
diffraction pattern. The effect of this is to give a con-
3. Wide-angle X-ray scattering tinuous arc of intensity on the (002) diffraction circle
Natural cellulose is monoclinic. The approximate unitwhich is the sum of the front wall and the side wall
cell dimensions ara = 0.835 nm ,b = 1.03 nm and diffractions.
¢ = 0.79 nm. The angle between thand thea axes is Cave has suggested that the extreme edges of the
84 degrees. Thedirection lies along the fibre axis. The (002) arcs will contain only the side of the Gaussian

3
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Figure 4 Diffraction from a single cellulose fibre.

Azimuthal Angle round the (002) Diffraction Circle —»

Figure 3 Diagram defining the angle 2T, which is the distance between - .
the points of intersection with the zero intensity axis of the two tangentsspotS gnsmg from the four sets of cellulose fibres. If
drawn at the steepest point on the flanks of the intensity distribution. the azimuth angle of these spots can be measured then

the micro-fibril angle can be extracted. We begin by

analysing the diffraction by a single cellulose fibre in
intensity distribution of the (002) spots from the S2 fi- an arbitrary orientation relative to the X-ray beam.
bres in the front walls and will not be contaminated by
the side wall diffractions. With this in mind, he proposes
that the tangents at the steepest points at the edges of tEe
intensity arcs (see Fig. 3) will intersect the zero inten-_,
sity axis at points separated by the angle Zhis can be
related to M, the angular separation between the peak

ofthe frontwall S2 spots, which is twice the micro-fibril wall, shown as a dotted rectangle, lies along the cell axis

angle. Cave assertsthdt= 0.6T. He arrives at this re- nd its normal lies at an angeto the incident X-ra
lation from the fact that the tangent to the steepest poi ¢ S : ray
eami which is directed along the axis. We consider

on a Gaussian curve intersects the zero axis at a dis-_. : D
tance from the peak equal to the standard deviation a smglcle ceIIuIcr)]se f'ﬁrd _|y|n%_lnhthe ﬁeg_wall_ an.dMat
So ZT = 2(M + o). By making an assumption about an sng el\/l tof_L ?I ce Iax?, WhIch 1S tk edirection;
the value ofo Cave arrives at his result. Meylan has Is the micro-fibril angle that we seex to measure.

tested the Cave relation by carrying out iodine stainin I]Z?CS&T;I t$ht2e ;ﬁﬂ:euﬁg?ge(togfz()oggnelznaer: tﬁZtr_
and x-ray measurements on the same specimens a ' P P

confirms that the relatioMl = 0.6T provides a valid reflect under the geometrical conditions illustrated will

; . . - be those whose normals lie At= 90 — 6 to the in-
\t;\?:;(ssf%;gtractmg values of micro-fibril angle from cident X-ray beam wheref is the Bragg angle.The

Afurther complication in the diffraction pattern from normal that satisfies that condition ps The reflected

wood samplesisthatthe cellulose fibresinthe S1and S yr lies at the anglef2to thex axis and will produce

o ! : e diffraction spotS on the detector plane, which is
layers, which lie almost horizontally, will produce (002) ; X
diffractions which are close to the meridian line. This shown as the solid rectangle. The azimuth angl& of

will not seriously interfere with the S2 layer diffrac- relative to they axis dire_ction Isp. O‘%”as‘f is to relate
tions except for very large micro-fibril angles where ¢ andM, and to establish hoy varies witha as the

. cell wall is rotated about the axis.
the spread of the (002) arcs is great. The critical fact used in the analysis is that the Bragg

reflection condition requires that the vectarp andr
) must lie in the same plane. The vector produet )
4. Alternative approaches to the is a vector perpendicular to botlandp. But sincer is

measurement of micro-fibril angle in the same plane asindp, r must be perpendicular to
We have explored the possibility of developing methodse vector i A p) also. In that case, the scalar product
of measuring the micro-fibril angle that avoid problems ¢ orthogonal vectors being zero

from overlapping intensity peaks. We first look at wide-
angle diffraction and then address small angle X-ray
scattering.

Diffraction from a single fibre

The fibre and the X-ray geometry is shown in Fig. 4. We
get up the orthogonal co-ordinate axgsy(, z). Thez
axis is the direction of the axis of a wood cell. The cell

inp)-r=0

The direction cosines of the vectors are

5. Wide-angle X-ray scattering

We now calculate the geometry of the (002) diffraction i=(1,0,0)
pattern produced by awood specimen when the incident
X-rays are directed at 45 degrees to both sets of cell
walls. We will show that there are eight discrete (002) r = (—cosd,sind cosy, sind sing)

p = (cosB, m, n)
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Inmatrix form { A p) is, wherd, jandkare unitvectors This is the relation we seek. Note thatif= 0, which

along thex, y andz axes respectively, the vector corresponds to the x-ray beam normally incident on the
cell wall,
[ i k
1 0 0|=0—jn+km cotM =cot¢p and M =¢
cosp m n so the azimuth angle in the diffraction pattern is equal
to the micro-fibril angle, which is the expected result.
The scalar product of this vector and the vectrthe If « = 90 degrees. which means that the X-ray beam
following, and we have seen that it must be zero so is parallel to the cell wall,
0—nsind cosp + msind sing =0 sing = tand
cotM

and so, for example, iM = 40 degrees, which is a large

micro-fibril angle, ¢ = 9.6 degrees. This illustrates the
earlier statement that the diffraction from the side-walls
lies between the diffraction arcs from the S2 fibres in
the front walls.

In addition to the diffraction spa® from the (002)
plane with polgin Fig. 4, there is another set of planes
that is with normalsp' (see Fig 5 ) which also satisfy the

2 2 _ Bragg condition where agaijfi = 90 — 6. This corre-
COS B +m’ +m” tarf ¢ = 1 sponds to taking the negative value for the direction co-
cogp+mPseCp=1 sinemin the vector for the pole of the reflecting planes.

2 _ o That pole isp! in Fig. 5. The planes of the pole give a
m* se¢ ¢ = 1 cos p = sir diffraction spotS with an azimuth angle, as defined in
Fig. 5 of ¢!. The direction cosines of the vectors are

n
e tang or n=mtang

For the vectop

2+m?+n?=1

but
i = (1,0,0)
sinp = cosy p = (cosB, m, n) = (sing, m, n)
Sl r = (—cos?, —sin ¥ cosp!, —sin 2 sing))

) f = (—sinM sina, —sinM cosa, cosM).
m? = cos ¢ cosH and m = +cos¢ cosd
_ _ _ And if we perform the analysis following the steps of
We see by inspection of the particular geometry ofthe previous case, noting by inspection of Fig. 5 that
Fig. 4, thatm is positive so we take the value we must take the negative value of the direction cosine

m, we find
m = +C0S¢ cosH

o pl = (sing, —cosh cosep!, —cosd sing')
Substituting this value fam and als; = m tang, the
direction cosines of the vectprbecome and

. 1 .
(sing, cos¢ cosd, cosg coso tang) cotM = W(co&p' cosx — tand sine)  (1b)

where we have equated go$o sind.

Now since the pole of the reflecting (002) planes is
perpendicular to the fibre axis, the vectprandf are
perpendicular so their scalar product is zero

This relation differs from Equation 1a and ds not
equal tog! for given values oM ande, and therefore

p-f=0
The direction cosines dfare
(—sinM sina, —sinM cosa, cosM)
So

p-f = —sind sinM sine—sinM cosa cos¢ cosh
+cosM sing cosf =0

This equation yields

1
cotM = ——{tand sin COS¢ COSx la
s o + cosp cosa}  (1a)

Figure 5 The alternative diffraction to Fig. 4.
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for a single fibre the two (002) spots are not diametri-lulose fibres from the stem of the Common Nettla-(

cally opposite.

If we calculate, for example, the values ¢fand
¢! for « =45 degrees and =45 degrees, we find
¢ =41.9 degrees ang! = 28.6 degrees. So the (002)
diffraction pattern is

tica dioica) was mounted on a square open frame. This
was fixed on the top of a goniometer head which pro-
vided rotation about a vertical and a horizontal axis.
With this arrangement the set of fibres could be ori-
ented in the X-ray beam to simulate a single set of
fibres in a single cell wall with any desired value of
M ande. Fig. 6 shows the diffraction pattern produced
with M =45 degrees and = 45 degrees and the fibre
oriented in a direction relative to the X-ray beam cor-
responding to “d” in Fig. 9. The two azimuth angles
were measured on the film by superimposing on it the
diffraction pattern for a vertical fibre, which defined
the equatorial direction. The measured values of the
azimuth angles werg = 29.0° and¢! = 41.5°, which
are in good agreement with the predicted values.

With the theory thus confirmed we can proceed to
calculate

(a) How the two azimuth angles and¢' vary with
the micro-fibril angleM for a parallel set of fibres at

An experiment was carried out to check these pr-45 degrees to the X-ray beam. This relation is plotted
dicted azimuth angles. A narrow ribbon of parallel cel-in Fig. 7.

¢ =29.0

Figure 6 Wide-angle diffraction pattern from a set of parallel cellulose fibres orientedMith 45 degrees and = 45 degrees and corresponding
to the set of fibres designated “d” in Fig. 9. The lower diagram shows the measured azimuth angles.
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Figure 7 Relation between the micro-fibril angle and the two azimuth
angles for a single fibre in a cell wall at 45 degrees to the X-ray beam
Triangular points are the mean.

Incident X-ray Beam

.50 ~
8
% 40 B —— ——— Figure 9 Diagram showing the four sets of cellulose fibres, labelled a to
ﬁ '\“\ d, in the two sets of cell walls. The X-ray beam is directed at 45 degrees
K 30 i S to both sets of walls.
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Figure 8 Variation of the two azimuth angles with the cell wall orienta-
tion for a micro-fibril angle of 40 degrees.
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(b) How the two azimuth angles vary wigh the ori- 7 * 8“92"___,,‘__,..

entation of the cell wall for a given value &fl. The d
result of such a calculation fal = 40 degrees is plot-
ted in Fig. 8.

7. The WAXS patterns from a wood specimen
From equations equivalent to (1a) and (1b) we can work
out the form of the diffraction pattern that would be
produced from a \,NOOd specimen oriented so that th%igure 10 Location of the (002) diffraction spots for the four sets of
cell axes are vertical and and both sets of cell wallselulose fibres when the X-ray beam is equally inclined to both sets of
are equally inclined at 45 degrees to the incident X-rayell walls and the cell axes are vertical.
beam. There will be four sets of S2 fibres in the two sets
of cell walls. An individual fibre of each set, labelled
a to d, is drawn in Fig. 9. Each fibre will give two
diffraction spots, so there will be eight spots round the  1x10%,
(002) circle. The calculated distribution of the spots for |
M = 45 degrees and = 45 degrees is displayed in @ 5
the following diagram (Fig. 10). 1x104 =% P
We have attempted to resolve the eight intensity max: ; Cr
ima in the wide-angle diffraction patterns. These mea-

3 A 3 a B!
surements yielded an intensity plot round the (002)3 > ;o T
diffraction circle that had four maxima, each compris- £ Z ¥ L w
ing two peaks that were notresolved. The azimuthangle  sxi0*f N |
at the centre of each peak will lie mid-way between the ] ; y £ % 4 R
azimuth angles of the two constituent peaks and this ! % & g %
angle can be related to the micro-fibril angle. Thatrela- <194 # e
tionship can be derived from Equations 1a and 1b. Fo . R ——
o = 45 degrees -100 0 Ch:(()gegrees) 200 300
<¢ + ¢) ((tanM)) F.igure ll.lntensity.variatic.)n round the (002) Qiﬁraction circle for a
Gav=|—7"—) = Atan| —— ). (2) pinus radiata specimen with the X-ray beam directed at 45 degrees to
2 «/é both sets of cell walls.
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All four double peaks will lie at this azimuth angles to vertical fibre will produce an intensity streak in the hor-
the equator of the diffraction pattern. The variation ofizontal plane. The scattering angleat the minimum
¢av With M is plotted in Fig. 7. of the radial intensity distribution for a circular section

The measured intensity round the (002) diffractionfibre of cross-section radilR is given by the relation
circle in the wide-angle diffraction pattern for a pi- 383 4

. . . . . T . 6
nus radiata specimen with the cell walls oriented at o _ " sin=
45 degrees to the X-ray beam is shown in Fig. 11. The R A 2
four intensity maxima derived from the S2 fibres areFor A =0.15 nm, which is the wavelength used in the
evident along with broader and lower maxima from theDaresbury Synchrotron, anR=1.25 nm this gives
S1 and S3 fibres. The angle between the mid-points =4.1 degrees, so the condition are within the small
of the adjacent pairs of S2 maxima is 43.4 degrees, sangle scattering regime.
the average value af is ¢ay = 217 degrees. This,
from Equation 2, corresponds to a micro-fibril angle of
29.4 degrees.

To make an interesting comparison, the same spec
men was irradiated with the X-ray beam perpendlcula
to one set of cell walls. The intensity distribution round
the (002) diffraction circle is shown in Fig. 12 and re-
veals the broad (002) arcs. The micro-fibril angle was
obtained by Cave’s method. The length of the mtercep[h
2T with the zero intensity line made by the lines of
steepest gradient at the flanks of the S2 intensity distri;,

bution is 99.7 degrees SD = 49.9 degrees. Then the thex-y plane at an angle to x and to the direction

micro-fibril angleM = 0.6T = 29.9 degrees. This iS ¢ the jncident X- ray beam which is the veciofThe
close to the previous value obtained from the diffractiongp o jias at the angl®v, the micro-fibril angle, to the

pattern produced with the X-ray beam at 45 degrees t? axis which is also the axial direction of the wood
the cell walls. cell. Whatever the orientation of the fibre, the small

9. Small angle scattering (SAXS)
from a single fibre

Ih order to understand the SAXS patterns from wood

specimens itis helpful first to establish the pattern for a
single cellulose fibre placed in an arbitrary orientation
relative to the X-ray beam.

In Fig. 13 the plane of the detector is indicated and
e incident X-ray beam is shown parallel to the normal
to the detector plane. The single fibre f lies in a cell
wall indicated by the dotted rectangle. Its normal lies

diation geometry is that it does not require the deter

Isection of the cellulose fibre. So the orientation of the
mination of the background intensity which is required

scattering streak in the detector plane will be along
for the Cave metho_d. . the line of intersection of the plane of the fibre cross-

Inthe next stage in the project we explored the potengg tjnn and the detector plane. That will be the veStor
tial o_fsmqllqngle X-ray scattering for the measurement Fig. 13 which lies at the azimuth angie to the
of micro-fibril angle. equatorial directiory.

Now sis perpendicular to so the direction cosines
of the vectorsare

8. Small angle X-ray scattering
Tgse cellulose fibrils are about 25 nm diameter and about (0, cose, —sing)
10 longer than that, so the small angle X-ray scatters
ing from a straight fibre produces intensity streak Onfor the geometry of Fig. 13.
the recording plane in the plane of the cross-section of
the fibre. With a two-dimensional detector plate with z
its normal parallel to the incident X-ray beam, a singley.eccor piane

\\ cell wall

8.5x10% .
: % fibre \
o e N\,
8.0x10° $% cross-section ~ f
] g e
6o 8
7.5x104 n 23
By o 505 P
. - 3§37 800 et g@i
B 7.0x10Y] i o W
§ b % A
= 1 % 5 A
3| & 52 °o o
S I P L A
f S ¥ B % s y
6.0x10™ Ny KRS 1 e
X | §§;;§ 0? ﬁ s s
5.5x10>
T T 1| T T T T T T T T T
200 -100 0 100 200
Chi (Degrees) X-ray beam

Figure 12 Intensity variation round the (002) diffraction circle for a
pinus radiata specimen with the X-ray beam directed normal to one seffigure 13 Diagram showing the orientation of the SAXS streak S from
of cell walls. a single fibre of arbitrary orientation relative to the X-ray beam.
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The direction cosines df the axis of the fibre, are
(sinM sina, sinM cosa, cosM)
The vectors and f are perpendicular because s lies in
the cross-section of, so their scalar product is zero,
that is
s- f = cos¢ sinM cose — sing cosM =0

or

tang = cosae tanM (3a)

If « = 0, that is the X-ray beam is normal to the cell

wall, ¢ = M and the azimuth angle is equal to the
micro-fibril ang|e. Figure 15 Small angle X-ray scattering pattern for a pinus radiata spec-

If « = 90 degrees, that is the X-ray beam is para”elimen with the X-ray beam directed normal to one set of cell walls.
to the cell wall,¢ = 0 and the scattering streak lies in

the equatorial plane. are both nearly horizontal will give the vertical streak
If « = 45 degrees, S13 and the sidewalls will produce a strong horizontal
streak Ssw.
tang = 1 tanM (3b) To measure the micro-fibril angle we need to mea-
NG sure the angle between the two S2 streaks which is

2¢ = 2M. Between these two S2 streaks lies the very
strong scattering from the side walls Ssw, which con-
10. Scattering from wood samples ceal part of the S2 streaks. This is illustrated in Fig. 15
Consider now the SAXS patternthatwould be producedvhich reproduces a SAXS pattern from a pinus radi-
if the X-ray beam were incident perpendicular to oneata specimen with its cell axes vertical and the inci-
set of cell walls in a wood specimen with the cell axesdent X-ray beam directed normally to one set of cell
vertical. The other set of cell walls would be parallel towalls. The SAXS measurements were carried out on
the X-ray beam. the Daresbury Synchrotron with an X-ray wavelength
The front walls would produce scattering streaks afof 0.15 nm and a camera length of 1.75 m. There is
¢ = M from the two sets of fibres in the S2 layers (seea strong lobe of scattering in the equatorial direction
Fig. 14). from the side walls that obscures the scattering cross
The S2 fibres will produce the streaks labelled S2from the S2 fibrils. There is also a strong lobe in the
in Fig. 14. The fibres in the S1 and S3 layers, whichdirection of the meridian from the S1-S3 layers. It is
not possible to extract a value bf from this pattern.
The way round this difficulty is to direct the X-ray
S13 beam at an angle of 45 degrees to both sets of cell walls
with the cell axes vertical. Thenthe S2 scattering streaks
from the two sets of cell walls superimpose, there is no
scattering between the streaks and the angle between
the streaks @ is clearly measurable.
The four sets of S2 fibres are identified in Fig. 9 in
) the WAXS section, and in Fig. 16 we define the small-
angle streaks associated with each set. We have also
_ shown the streak in the meridian plane from the S1 and
2¢=2M S3 fibres. This does not obscure the geometry of the
S2 cross. The angle between the two S2 streaksis2
Ssw indicated in Fig. 16. The azimuth angjeis related to
the micro-fibril angleM by Equation 3b:

1
tang = — tanM.

) NZ)

The SAXS patternin Fig. 17 was obtained from a pinus
radiata specimen 2 mm square cut from the early wood
inthe 12th growth ring of atree. The X-ray beam was di-
Figure 14 Orientation of all the SAXS streaks from all the cell wall r¢Cted at4s dggrees toboth se_ts of C_e” walls and the cru-
layers in wood cells irradiated with the X-ray beam normal to one set ofciform scattering from the S2 fibres is clearly revealed.
cell walls. There is also evidence of broad streaking from the S1
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Figure 18 Azimuthal variation of intensity through the arms of the S2
cross and the S1-3 scatter of Fig. 17.

Figure 16 Orientation of the SAXS streaks for the four sets of fibres in
the S2 layers with the X-ray beam directed at 45 degrees to both sets of
cell walls.

Figure 19 SAXS pattern for another pinus radiata specimen with irra-
diation conditions similar to those of Fig. 17.

Figure 17 Small angle X-ray scattering pattern from a specimen of pinus ;g :
radiata 2 mm square from the early wood of the 12th growth ring of the
tree. The X-ray beam was directed at 45 degrees to both sets of cell wall

P ——

e e

and S3 fibres in the meridian direction, but this does's
not obscure the S2 cross. Fig. 18 shows an azimuthi
intensity plot through the arms of the S2 cross and the
S1-3 streak. Sharp intensity peaks are evident at th
centres of the arms of the S2 cross.The precise locaticie
of the peak intensity was obtained by fitting Gaussiar
peaks to the intensity distribution. These are shown in
Fig. 18. The two values of@measured from the sepa- Figure 20 Azimuthal plot of the intensi_ty variation through the S2 scat-
ration of these peaks are 42.4 degrees and 40.1 degre&&nd cross and the S1-3 scatter of Fig. 19

The mean value af is 20.6 degrees. This corresponds
to a micro-fibril angle of

s o B ——
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250 3ot 350

in Fig. 20. The mean value of the two valuesdgofs
‘an 206 18.2 degrees, corresponding to a valuevbf= 24.9
_ an . degrees.
M= Atan( cos 45) = 280 degrees To check the validity of the relation betwebh « and
¢ of Equation 3a, a specimen of ramie leaf with parallel
The SAXS pattern for another pinus radiata specimertellulose fibres was fixed to the top of a goniometer with
is displayed in Fig. 19 and the azimuthal distributiona vertical axis of rotation. The fibres were oriented at
of intensity through the arms of the S2 cross is showrd0 degrees to the vertical. This simulates a single cell
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Ramie 40 alpha=45° measured values. The agreement between_the predicted
and the measured values is seen to be satisfactory.
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11. Conclusion

wr 4 : b ] It has been demonstrated that small angle scattering
i ¢ ] . patterns obtained with the X-ray beam equally inclined
L il 1  to the two sets of cell walls constitutes a direct, sim-

: ple and unambiguous method for the measurement of
Py 1 micro-fibril angles in softwood. Using a powerful facil-

f,‘ za § ‘x\“ ity such as the the Daresbury Synchtron, the radiation
generated by the acceleration of the 2 Gev electrons
=i \\m’ / \"%‘ permits data of excellent quality to be gathered in at
pasl ' ' I most five minutes.
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The method we have proposed using wide angle
diffraction from a specimen with the cell walls oriented
Figure 21 Azimuthal scan through SAXS streaks from fibres with at 45 degrees to the X-ray beam has been shown to be

Azimuthal Angle

M =40° anda = 45°. capable of yielding micro-fibril angle values. Its ad-
vantage over the method that irradiates the specimen

- 501 normal to one set of call walls is that it is not necessary
9 to estimate the background intensity.
GS; 40 —— The methods we have explored in the work now de-
) e scribed assume that there are two orthogonal sets of
2 30 \‘ cell walls in softwood. Micrographs of cell structures
Z 2 reveal that this is not always precisely the case. We plan
= to explore, by measuring cell wall orientation distribu-
g2 10 tions in specimens of pinus radiata, to what degree the
§ diffraction patterns from characterised real structures

0 ! will differ from those from the simple structures we

0 10 20 30 40 50  have assumed.

Call Wall Orientation (degrees)

Figure 22 Variation of SAXS azimuth angle with cell wall orientation. Acknowledgements
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