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ABSTRACT

A texture goniometer was utilized for measuring the azimuthal intensity distribution of

the (040) meridional diffraction from some coniferous wood tissues.

A computerized

iterative fitting method was used to generate mathematically the experimental diffraction
curve and to resolve the (040) diffraction pattern from the composite profile. The mean
microfibril angle was then estimated from the shape of the resolved (040) profile.

The technique developed herein is a direct and simple method for determining the mean
microfibril angle with a generally satisfactory level of precision. In addition, the technigue
is applicable to material with a wide range of microfibril angles.

Additional keywords: Pseudotsuga menziesii, Tsuga heterophylla, meridional diffraction,
microfibril angle, X-ray diffraction, (040) peak, numecrical analysis, mercury reflectance

method, texture goniometer,

INTRODUCTION

Microfibril angle is one of the basic ultra-
structural  characteristics of woody cell
walls. Tt influences a number of wood
properties, such as creep (El-osta and Well-
wood 1972), modulus of elasticity (Cow-
drey and Preston 1966; Hearle 1963), and
dimensional stability (Meylan and Probine
1969). In addition, it exerts primary con-
trol on the mechanical properties of single
wood pulp fibers (Page et al. 1971). It is
therefore of some technological importance
to provide wood scientists and technologists
with a direct X-ray technique by which
microfibril angle can be determined on a
routine basis.

Most of the available X-ray techniques
for determining the average orientation of
cellulose crystallites arc based on measure-
ment of the intensity distribution on the
paratropic planes, such as (002), (101),
and (101). This requires interpreting the
diffraction patterns to obtain an estimate
of the average microfibril angle. The fol-
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lowing criteria have been utilized to deduce
the mean microfibril angle:

(a) half the angular width of the (002)
arc at 40% or 50% of its pcak height
(Meredith 1951; Preston 1952):

(b) half the angular distance (T) be-
tween the points of intersection of
the tangents at the inflection points
with the zero intensity axis of the
(002) diffraction pattern (Cave 1966;
El-osta et al. 1972; Meylan 1967).

“riterion (a), which was defined to agree
with other experimental results, is invalid
in the case of a double-peak (bimodal)
diffraction diagram and has no sound
theoretical basis. Criterion (b), however,
has some theoretical justification, but re-
quires a calibration procedure for conver-
sion of the T angle to microfibril angle
(Cave 1966). Different species and wood
tissues may also require different calibra-
tions (El-osta et al. 1972; Kcllogg et al.
1972).

SUMMER 1973. V. 3(2)



DIRECT X-RAY TECHNIQUE

It is worth mentioning here that other
X-ray techniques that utilize the paratropic
reflection are available for determining the
mean microfibril angle. Among these
methods is the one developed by Hermans
(1949). Utilizing this method, one can de-
termine the orientation factor and the mean
inclination angle of cellulose crystallites to
fiber axis. This method has been criticized
by DeLuca and Orr (1961) on the grounds
that it was designed for regenerated fibers.
In general, results derived from paratropic
planes are mnot sufficient to describe the
orientation of the b-axis of the cellulose 1
unit cell.

Ditfractions arising from the diatropic
(040) plane of cellulose I crystallites give
the microfibril angle distribution directly.
Unfortunately, this type of diffraction is
contaminated at its tails by diffractions
from the first and third layer lines and the
equator which occur at nearly the same
Bragg angle (Mann et al. 1960; Radhakrish-
nan et al. 1969). Furthermore, this kind of
diffraction is usually weaker than the dif-
fraction arising from paratropic planes.
However, this difficulty can be overcome
by using a tilted specimen as will be shown
in the material and methods section of this
paper.

A few Japanese scientists have used the
(040) diffraction pattern to record the
distribution of microfibril angle within the
cell wall and to determine the mean angle
ot some wood species (Nomura and Yamada
1972; Sobue et al. 1971; Suzuki 1967,
Watanabe and Inoue 1964). Their analyti-
cal approach has two main drawbacks.
First, they did not take into consideration
the aformentioned contamination of the
(040) diffraction pattern of cellulose T.
Second, their definition of the background
was arbitrary and could produce a certain
error in calculating the mean microfibril
angle.

The purpose of this paper is:

(1) to illustrate a numerical method for

resolving the (040) diffraction pat-
tern from the composite profile;
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(2) to utilize the resolved (040) diffrac-
tion pattern in calculating the mean
microfibril angle.

THEORETICAL APPROACH

Measurement of the intensity of diffrac-
tion of a particular plane, as a function of
the orientation of a specimen relative to
the diffraction vector of a diffractometer,
yields information about the preferred
orientation of the crystallites in the speci-
men. Such information is normally pre-
sented as a stereographic projection of the
plane normals, i.e., a pole-figure diagram.
The sum total of all orientation in an
oriented specimen is referred to as its text-
ture (Alexander 1969). A useful tool for
conducting this kind of study is the texture
goniometer.

Geometric considerations of the texture
goniometer
Considering the schematic diagram pre-
sented in Fig. 1, diffraction will be observed
under the following conditions:

(a) Crystallographic planes are present
in the specimen and their inter-
planar spacing satisfies the Bragg
equation, i.e.,,

na == 2d sin 6
where: n = order of diffraction;

A= X-ray wave length;

d = interplanar spacing of
the set of planes;

f = angle between diffrac-
tion plane and inci-
dent X-ray.

In this work, A and 6 are selected
such that d must be 2.6A.

(b) The normals to the planes satisfying
(a) must lie in the direction of the
diffraction vector OA (in the plane
of the paper).

In the case of cellulose I, the various
planes satisfying (a) and the angle they
make with the (040) plane are as follows
(Radhakrishnan et al. 1969):



Angle
relative
20 Angle to the
Plane for Cu Ka (040)
_(hk]) s (degrec) (degree)
(040) 34.5 0
{032)
o) } 340 406
(113)
(013)
(311) 34.2 75.4
(212)
{310)
(103)
(003)
(301) 33.5 90
(202
{300)

If a highly oriented wood specimen with
a small microfibril angle is placed at 0
(Fig. 1) and oriented such that the tra-
cheid axis coincides with OA, the detector
will measure only diffraction from the
(040) planes. Upon rotating the specimen
gradually through an azimuthal angle
about ON (ON is normal to OA and lics in
the plance of the paper), the detector output
will quickly fall to the background (BG)
because the (040) planes will be so oriented
as not to satisty condition (b) above. As
the angle y increases to about 40° from the
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original position, diffraction from the (032)
and (230) planes will be recorded,' since
some of the crystallites in the specimen will
have these planes so oriented as to satisfy
(a) and (b). Similarly, as y approaches
75° and 907, the detector will register some
diffraction from planes of the type (113)
and (103), respectively.

In a wood specimen with a lower degree
of orientation and broader microfibril angle
distribution, the ability to resolve the sep-
arate diffractions mentioned above breaks
down. The result is a composite profile,
the main portion of which is due to diffrac-
tion from the (040) plane.

Numerical analysis for resolving (040)
diffraction peak

The aim of the numerical analysis used
herein is to generate the experimental dif-
fraction diagram mathematically and then
resolve the (040) peak from it. Before
proceeding further, it is necessary to de-
fine the geometry of the technique used.
The geometry is as follows (Fig. 2):

(a) The specimen axis is taken parallel
to the direction of e; (OA in Fig. 1).
(b) The axis of specimen rotation (ON
in Fig. 1) is coincident with the

direction of eq.

"It is assumed that the microfibril axis coincides
with the crystallographic “b” axis (Sisson 1935).

DETECTOR

- o
N 20=34.5

______ I

WOOD SPECIMEN
9217.25°

Conditions for diffraction from the contaminated (040) plane in wood specimen.
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Fic. 2. Geometry of the X-ray technique and
the specimen systems.

(¢) The microfibril axis direction (b) is
given by the microfibril angle g and
the azimuthal angle v. This direction
coincides with the normal to the

(040) plane.
There is also another general plane

jol

Py the normal of which (P) makes
an angle « with b. The direction of

P is defined by + and the azimuthal
angle p.

Generally, the unit vector P is given by:
P =sin vy cos p ey +sin y sin p (,~
+ cos y é;;. (1)
For the plane Py to give rise to diffraction,
its normal (P) must become parallel to OA

(Fig. 1), through a rotation ¢ e;. The
rotated vector can be written as follows:

P, =sin v cos n e

+ [cos ¢ siny sin p — sin ¢ cos y] es

»

+ [siny sin vy sin g + cos ¢ cos y] ez, (2)

Accordingly, the diffraction occurs when
-

the components in the directions of e; and

¢» become zero, i.e.:

siny cos p =0 and (3)

cos ¢ sin y sin p —sin ¢ cos y = 0. (4)
To satisty equation (3), for the general case
of y = 0.

cos p=20 or

p=mu/2,3x/2. (3)
From equations (5) and (4),
sin (y =y) = 0. (6)

Thus, the rotation that is required to
bring P, plane in a position for diffraction
is given by

y =y T nxw
where: n=0,1,....

(7)

Equations (5) and (7) can be utilized to
construct the components of the diffraction
profiles produced by planes having Bragg’s
angle near 17.25°.

1. Plane (040)

In this case, « =0, y = and p = v. Ap-
plication of equation (3) indicates that the
diffraction from the (040) plane is possible
only from microfibrils in planes normal to
the direction ON (Fig. 1). This condition,
whereby the X-ray beam falls on the
tangential face of the wood specimen, is
satistied by:

(a) microfibrils in the tangential walls of
the specimen,

microfibrils having zero angle in the
radial walls and

if, through weaving in and out of the
plane of the radial walls, some micro-
fibrils lie in a plane parallel to the
plane of rotation. However, con-
tribution to diffraction profile from
these microfibrils is probably small
and would not materially affect the
result.

(b
(c)

—

According to equation (7), the required
specimen rotation for a given microfibril
with an angle g is:

Yy = * B = nm

(8)
2. General plane Pq

In the general case, the plane P. is de-
fined as making an angle « with the plane
(040). However, there exists an infinite
number of directions that make an angle

« with P. This family of directions gener-



122

Z4 M. LOTFY M. EL-OSTA, R. M. KELLOGG, R. 0. FOSCHI, AND R. G. BUTTERS

The

vector b can be expressed in the following
manner:

ates a conical surface @ (Fig. 2).

b = sin B cos v e; + sin B sin v e.

+ cos B ey (9)

and, if Py is in a position to satisfy the con-

dition for ditfraction, the vector P can be
written as follows, according to equations
(1) and (5):

P==sinye, + cosyes.

(10)

R
Since the family of vectors b on the sur-
face Q satisfies the condition:

Pb = cos a. (11)
the following relationship is obtained:
oS o = % sin v sin B sin v
+ cos B cos y. (12)

Let us consider the case whereby an X-
ray beam falls on the tangential face of a
wood specimen:

a: For microfibrils located in one pair of

tangential walls (v = /2, 3x/2,
Fig. 2)

For those walls equation (12) becomes:

cos a = cos (B~ v), (13)

from which y = g8 = q, (14)

and according to equation (7) the required
rotation for producing diffraction from the
Po plane of these microfibrils is given by:

y=g=xexnrforv=mx/2 and (15)
¢ = =8 = « £ nr for v = 3n/2,
where: n =0, 1, .. ..

b: For microfibrils located in one pair of
radial walls® (v = =, 2x)

For those walls equation (12) becomes:

(16)

and according to equation (7) the required

COS & = COS$ 3 COS v

*The authors wish to thank Dr. F.
of the PPRIC for his useful comments.
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rotation for producing diffraction from the

P plane of these microfibrils is given by:

¢ = * arcos (cosa/cosB) = nx (17)
where: n=0,1, ....

c: For microfibrils located in walls with
v other than =/2, =, 3z/2, or 2.

Equation (7) and (12) can again be used
to determine the required rotation for pro-
ducing diffraction from the P, plane for
those microfibrils. Equation 12, however,
becomes in this case a transcendental equa-
tion for y and cumbersome to solve. For
simplicity, this contribution to the diffrac-
tion profile will not be considered here.
This approximation is equivalent to taking
the cross section of the tracheid to be rec-
tangular in shape. Since the true shape is
not precisely known, a more precise model
is not required. This approximation is not
expected to significantly affect the results
since it is related only to minor contribu-
tions from planes other than (040).

Limiting the angles ¢, 8, and « to values
between 0 and #/2, the composite ditfrac-
tion profile at y can now be obtained by
superposition of results derived from
equations (8), (15), and (17). This profile
consists of diffraction from:

(a) (040) plane of microfibrils in tra-
cheid tangential wall (v =#,/2) and
and also in the radial wall for g =0
with:

B=1y (18)

(b) Po plane of microfibrils in the tra-
cheid tangential wall at (v =x/2)
with:

1. B=y—-a if ¢>(¥
2. B=ytaifl y+a<n/2 (19)

(¢) Py plane of microfibrils in the tra-

cheid tangential wall (v =3x/2)
with:

L p=a-y it y <«

2 B=n-(y+a)if g (20)

+a>a/2
(d) P. plane of microfibrils in the tra-
cheid radial walls (v ==, 2x) with
B =arcos (cose/cosy) if y <o (21)
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Thus, if

1, (B) = (040) intensity distribution as
a function of the microfibril angle 8,

Ie (B8) =Pq intensity distribution as a
function of g,

I (¢) = intensity distribution as a func-
ion of y, and considering that the three
groups of planes occur at oy = 40.6°, as =
754° and a3 = 90° from (040) plane, then
the observed composite intensity at ¢ can
be written as follows:

LY =1, ()
2
fZl’\lai(\lf—ai) A(l//—ai)

1=
Plo (8i-y) 3 (ai-y)
+ lu“ (¢+ai) A 1r/2—(l[/+lli)l
1

+ lui [T-(Y +ap))| A (Y +aj)-m/2

+ lui { arcos (t:: ;) }A‘ (a;-y) }

+ laA; (m/2-¢) + las(w/l)

(22)

where the step functions A (x) and A* (x)
are defined in the following manner:

A(x)=1 if x>0
A(x)=1/21if x=0
A(x)=0 if x<0 (23)
Af(x)=1 i x=0
A¥(x) =0 it x<0

Assuming that the intensity distribution
function I and, in general, I, are Gaussian
centered at angle g, corresponding to the
greatest density of microfibrils, then these
distributions can be expressed by:

- H} (8-8,)"

I (8)= Hie
2 - (8-8)"
=y (
lal(B)-H 4 04)

2 2
- Hg (B-6y)

3°
g2
laz(B)— H e 3 -
o —H (8-84)"
2) = 112 R 0
o, (8) = 13e
Substituting cquations (24) into equa-
tion (22) gives the intensity observed at
specimen rotation angle ¢ as a function of
the parameters H,* through Hg? and g,:

) )
b - H2(p-8)"
1(\1«)=ufe 2 ¥y

2 y2
TP

J'& AY-ap

2 2
-1 (a-¢ - 3y)

+ e

A(‘H-\ﬁ)
2 )
- H (¥ +ay -8y
po TR i)
2

SHY Im-($rap- g,

+e A1¢+a]—7r/2|

- )
2 e feosay -
e ”.t!_‘"“‘“<’—cos¢> 5(»} A~(ﬂ]_¢)}
L

2 2
+ 11?{ . G Wmay= 8007, (g - ay)

2 )2
Lo g 80 s ey

o »
_Ill“;(\l/+a._)—ﬁ(|) Alm2- (¥ +a,),
+e 2

o
- g
e

) .
oo fcosal !
B - 1[\; ] arcos <cns¢> dl'yy (6, ¢) :

{c—n: (r/2-y -3, -n5 (2 —d..)'"’J' .

(r- (¥ + 0,08,y

fa,-m/2;

+H

~1 1%

The model used herein differs from that
employed by Radhakrishnan et al. (1969)
in that they assumed that all intensity dis-
tribution functions of equations (24) had
the same shape and differed only by a scale
factor. This assumption required the use
of only five parameters in their equation.
It was both their observation and ours that
this is too restrictive and contrary to ex-
perience. In addition they did not take
into consideration the contribution to their
diffraction profile from microfibrils located
in the other walls (i.e. radial wall in this
study).

The parameters Hq* through Hg* and Bo
can be computed by a nonlinear least-
squares method of fit. Thus, if I, (yi) is
the observed intensity for an angle of y;,
the parameters can be computed from the
condition that

NA( 2

v ‘:;i):;I{{ID (¢i)‘”(;(¢i)]‘[(¢i’7; (26)

be a minimum, where NA is the number of
ohservations, BG (y;) is the background,
and I (y;) is the net intensity calculated by
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equation (23) at angle ;. The minimiza-
tion of U can be achieved by using Fletcher
and Powell’'s method (1963). It should be
indicated that H; through Iy are uncon-
strained since their squares are used in
equations (24), considering that the paramn-
cters of the Gaussian distributions have to
be positive. In order to make the scarch for
the optimum angle g8, unconstrained also,
Hy was defined such that g, = Hy".

Having evaluated H, and H. numerically,
one can generate the resolved (040) dif-
fraction pattern as a tunction of g, from
which the mean microfibril angle can be
:aleulated.

MATERIALS AND METHODS

Wood specimens of Douglas-fir |[Pseu-
dotsuga  menziesii (Mirb,) Franco] and
western hemlock [Tsuga heterophylla (Raf.)
Sarg.] were chosen from available stock
in the Western Forest Products Laboratory.
A total of 16 specimens having dimensions
1.0-1.5 mm radially, 1.0 em tangentially,
and 1.0 em longitudinally were machined
from earlvwood and latewood zones. Since
the specimen edge was used as a reference
for mownting in the texture goniometer,
care was taken to ensure a cut parallel to
the grain. Optimum specimen thickness
can be caleulated according to standard
techniques (Alexander 1969). Considering
differences in tissue density, these calcula-
tions and practical experience led to the
adoption of an optimum thickness of 1.0
mm and 1.5 mm for latewood and early-
wood specimens, respectively.

Phillips P. W. 1009 X-ray diffraction ap-
paratus and Phillips P. W, 1078 texture
goniometer used in the transmission mode
were utilized in this study. Nickelfiltered
Cu X-ray generated at 35 kV and 13 mA
were employed. The diffracted intensities
were determined by means of a propor-
tional counter, pulsc-height analyzer, and
scaler.

A wood specimen was placed in position
0 (Fig. 1) and set to oscillate 6 mm trans-
verse to the X-ray beam. The beam pene-
trated the tangential face of the specimen.
The (040) and background intensities were
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determined at 26 angles of 34.5° and 30°,
respectively. The intensity of the back-
ground angle was found to be substantially
free of reflections at any azimuthal angle.
Peak and background intensities were de-
termined at 5° azimuthal increments from
¢ = -90° to +90” using 10 seconds counting
time. It is recognized that an increased
counting time would be expected to im-
prove counting precision. However, ex-
perience with a 20-second counting time
did not appear to significantly affect the
mean microfibril angle, but did appreciably
increase the time required for data collec-
tion.

Analytical procedure

For the purpose of conducting the
nmumerical analysis, a computer program?®
was written to fit equation (25) to the ex-
perimental results. Prior to the curve-
fitting procedure, the intensities from y =
-90° to +90° were checked for symmetry
about y = 0°, to verity the correct position-
ing of the specimen in the texture goniom-
eter. Using the function

NG
v :igl’:"lﬂ*‘ﬁi) -BG ¢ ]
T v (27)
= I () - BG ()
where: NP = number of data points con-
considered, a test was run to find the origin
for the angles ¢ for which V is a minimum.
The angle satisfying this condition was
considered to be the best approximation
to the symmetry point at which the origin
v = 0 must be located. Then the intensities
for +y¢ angles are added to those for the
symmetric —y angles and averaged to give
the best estimate for the mean intensities
for ¢y =0 to ¢ = 90°.

It was necessary to provide initial esti-
mates of the value of H;? in order to start
the iterative procedure in the minimization
algorithm. Since diffraction arising from
(040) plane constitutes the main part of

*The program is available from the Western
Forest Products Laboratory, 6620 N.W. Marine
Drive, Vancouver 8, B.C. (Information Report
VP-X-114).
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the composite profile, H,? was approxi-
mated by the actual maximum intensity
observed. The location of this maximum
was considered as the first approximation
to B, which, in turn, was taken as the initial
estimate for Hy.

Differentiating I, (#) in equations (24)
and letting g = By, the following equation
was obtained for calculating H.*:

(28)

I, (Bu), the second derivative of I, was
estimated by the curvature of a parabola
titted to the intensity data in an interval
with center at 8 = g,.

For diffractions due to planes occurring
at ay, a2, and « from the (040) plane, it
was assumed initially that the parameters
Hy?, Hs*, and H:* were only 0.10 Hi2% In
addition, as a first approximation, the shape
ot all intensity functions in equations (24)
was considered to be the same, i.e. each of
H,*, Hg¢? and Hy* equals H.2 Tt is important
also for numerical stability that data be
available at the peaks of the different Gaus-
sian distributions. This condition was not
always met during the unconstrained
search for the optimum g8,. Therefore,
extra data points were interpolated if re-
quired during the minimization process.

Calculation of the mean microfibril angle

Assuming that the intensity distribution
function I, (B) changes only by a scale
tactor if the specimen is rotated about the
longitudinal tracheid axis, the mean micro-
tibril angle <g> can be calculated as fol-
lows (Sobuc et al. 1971):

w2
/ Afll(d)s’indd/f
0
h w2
“/ L) singdg |

The integrals are evaluated numerically
after the parameters Hy* and Hy* have been
computed and the function I, is known
from cquations (24). The magnitude of 1,
(B), for a given counting time, will be de-
pendent upon the cross-sectional shape of

(29)
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the tracheid. However, this will not affect
the mean microfibril angle according to
equation (29).

It was desirable to compare the meun
microfibril angle obtained by the X-ray
technique with that obtained by a direct
microscopic method. For this purpose, the
mean microfibril angle was determined by
the mercury reflectance method (Page
1969) on the tangential surface of the same
specimens used in the X-ray study. Details
of the method and specimen preparation,
used herein, are similar to those outlined
recently by El-osta et al. (1972).

RESULTS AND DISCUSSION

The numerical iterative procedure out-
lined above was applied to the azimuthal
intensity scannings of 16 wood specimens.
Considerable success was achieved in
fitting equation (25) to the experimental
results. Cocfficients of determinations for
the 16 specimens ranged from 0.852 to
0.998. The results of the numerical analyses
are shown in Fig. 3 for three selected speci-
mens. In this figure, the resolved (040)
profiles (curves C) indicate a spectrum of
shapes ranging from sharp (unimodal) for
western  hemlock earlywood  specimen
WIIEW-A (Fig. 3-a) to less sharp (uni-
modal) for Douglas-fir earlywood speci-
men DFEW-C (Fig. 3-b), or broad (bi-
modal) for specimen DFEW-G (Fig. 3-¢).

Numerical estimates of the parameters
of diffraction patterns presented in this
paper were obtained with an absolute ac-
curacy of 0.5 for the parameters [, to Hg?
and 0.2° for I1*. A computation time in
the range of 2.48-8.97 seconds, depending
on the number of iterations, was needed on
an IBM 360/67. It was found that greater
accuracy requirements increased the com-
putation time without significantly affect-
ing the mean microfibril angle.

Mean values of the microfibril angle
deduced from the X-ray technique by ap-
plying equation (29) to the resolved (040)
profiles are shown in Table 1. As a check
on the reproducibility of these values, 11
azimuthal intensity scannings were taken
for specimens DFEW-G and DFEW-F
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without removing the specimen from the
texture goniometer. Another 11 scannings
were made on DFEW-F after remounting
the specimen between each scan. The re-
sults of statistical analysis showed that the
coefficient of variation in the mean micro-
tibril angle was about 7%, with no addi-
tional variance component due to remount-
ing. Recognizing the fact that the total
random error in measuring the intensity de-
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TasLe 1. Mean values of microfibril angle as
estimated by X-ray technique and by mercury
reflectance method.

Sample type] X-ray technique Mercury reflectancez

(degree) (degree)
DFEW-A 20.1 21.8 (4.5)
DFEW-B 15.6 21.5 (5.4)
DFEW-C 17.4 18.6 (4.2)
DFEW-D 21.0 21.8 (3.%)
DFEW-E 22.2 27.1 (4.1}
DFEW-F 19.8 20.0 (3.8)
DFEW-G 27.3 28.2 (3.4)
DFLW-A 11.4 13.9 (4.3)
DFLW-B 12.4 4.9 (4.0)
DFLW-C 10.7 13.9 (3.3
DFLW-D 13.0 15.5 (5.3)
DFLW-E 18.4 15.8 (3.1)
WHEW-A 8.2 7.7 (2.6)
WHEW-B 8.3 7.5 (2.8)
WHEW-C 8.6 7.8 (1.9)
WHEW-D 9.0 9.1 (2.1)
1 pr ouglas-fir

EW arlywood

= D
WH = Western Hemlock
= E
LW = Latewood

2, ; 5

Values presented in this column are mean values {based
upon 20 measurements) and associated standard
deviations.

pends upon counting statistics (the random
distribution of X-ray counts taken re-
peatedly at one point follows a Poisson dis-
tribution) and generator and X-ray tube
stability, the above-noted coefficient of
variation would be expected.

The mean values of microfibril angle de-
termined by the mercury reflectance
method on the same specimen are shown
in Table 1.

Considering the difference in physical
principles employed by these two tech-
niques, it seems apparent that, at least for
the materials examined, the two methods
are direct estimates of the same parameter.
The X-ray technique outlined here does
not require the use of a calibration curve,
is averaged over a significant volume of the
specimen, is nondestructive, simple, and
fast. The complete data collection for one
specimen can be obtained in 30 minutes
with the apparatus employed.

It should be indicated here that El-
Hosseiny and Page (1973) have recently
reported that the determination of micro-
tibril angle by mercury reflectance method
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must be used with caution because of the
error that might be induced by the bire-
fringence of S; and S; layers. The error is
small (<1°) for tracheids with thin S; and
Sy layers (<0.2 wm) and S. laver in the
range 1.3-3.4 pm. Fortunately, the tracheids
of most softwoods lie within this range.

The steps required, in practice, for ob-
taining the mean microfibril angle are sum-
marized here. First, using a texture goniom-
eter, an azimuthal scanming of the com-
posite diffraction profile can be obtained.
Next, the computer program can be used
to fit equation (25) to experimental data,
and the resolved (040) diffraction patterns
can then be deduced. Finally, the mean
microfibril angle can be calculated by equa-
tion (29).

SUMNMARY AND CONCLUSIONS

A direct X-ray technique to determine
the mean microfibril angle in wood is out-
lined. The variation of azimuthal intensity
of the resolved (040) diffraction peak was
utilized to determine the mean microfibril
angle in some earlywood and latewood
specimens of Douglas-fir and western hem-
lock. A method of numerical analysis is de-
vised by which the (040) diffraction pat-
tern can be resolved from the composite
profile. The results of applying the numeri-
cal analysis to 16 wood specimens of two
coniferous specics indicated that the analy-
sis can be applied to widely variable
azimuthal profiles.

The proposed X-ray technique is a direct
and accurate method for determining the
mean microfibril angle. The precision of
the estimate probably is limited by the
nature of counting statistics and instrument
stability.
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