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A tentative mechanistic model is proposed that relates variation in crystallite length in
wood to some physical conditions under which the crya,tallite inay have been formed,
namely the curvature and ultrastructure of the ~nicrofibril. Clver most of the experimental
data range, representing both hardwood and softwood samples, the model allows reasonably
good prediction of the effect of crystallite orientation angle and radial distance from the cell
center. As the angle increases and radial distance decreases, the average crystallite length
becomes smaller.
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line-broa,Jeliing, X-ray diffraction, csell
diameter, degree of orientation, microfibril angle.

INTRODUCTION

There has been a growing interest in the
study of interrelationships between ultrastructural features of wood cell walls and
the basic physical properties of wood. Of
particular interest have been studies concerned with effects of variation in microfibril angle. El-osta and Wellwood (1972)
have found a strong inverse correlation
hetween microfibril angle and crystallinity
index, Furthermore, M~~~~~ et al. (1972)
and Nomura and yamada (1972) have reported an inverse relationship between
crysta]lite length and microfibril angle. I t
was also indicated by Marton et al. that
degree of crystallinity is correlated with
crystal]ite length. Howevc3r,to our knowledge no attempt has been made to offer
an explanation for the observed relationship
I,etween crystallite length and microfibril
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angle. I t is the purpose of this paper to
propose a tentative theory relating these
factors in c:ausal way. We have expressed
this theory with a mechanistic model that
relates the crystallite length to some physical conditions under which that crystallite
may have been developed.
The basic structural material of fiber or
tracheid cell walls is cellulose. The maniler
in whicli cellulose-chain molecules form
the basic framework units of cell walls
during
~ ( ~ m p l i c a t process
ed
of cell-wall
formation is riot well understood. FreyW~sslillg "ld
Miihlethaler (1g65) suggested that the development of fibrils is an
end-growth phenomenon resulting from
glucose
through polymerization "ld crysta11ization.
Research on cellulose has resulted in
controversy on the size of the basic structural unit. This controversy may be due in
part to the techniques used to separate and
measure the units. Frey-Wyssling and
Miihlethaler ( 1965), Heyn (1969), and
Fengel ( 1917()),to name a few, mailltained
that each rnicrofibril contains linear bodies
3.5 nm wicle called elementary fibrils. On
SPRING 1074,
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the other hand, Caulfield ( 1971) , Bourret
et al. (1972), and Nieduszynski and Preston
(1970) support the existence of snicrofibrils
having a diameter of 10-20 nm and containing a single crystalline core slightly
smaller in size than the microfibril itself.
However, it is generally agreed that the
cellulose crystallites are surrounded laterally
by cellulosic materials of lower degrees of
order than the perfectly crystalline state
(Preston 1971).
W e make no pretence of contributing to
the controversy on width and lateral order
of microfibrils. I t is not necessary for us to
define the boundaries of the ultimate and
absolute microfibril to express our theory.
We choose to define the basic unit of our
model as one containing a crystalline core
s~~rrounded
laterally by a region of decreasing degree of order. The lateral limit of the
l~asicunit is considered to be that region
between units in which the degree of order
is minimal. For ease in describing our
theory, we have chosen to define our tertns
as follows. The perfectly crystalline region
will be referred to as a crystallite or crystalline core, and the surrounding region of
lesser degree of order, the amorphous shell.
These two components will be defined as
comprising a microfibril.
The model we propose envisions two
major factors that might control crystallite
length. The first of these is the curvature of
the microfibril. The basic concept of the
model is that there is a limited length of a
linear body, i.e. a crystallite, which may be
contained within a curvilinear body, i.e. the
microfibril. An analogy to this concept is
the limited length of straight rod that can
be inserted into a curved tube. The second
factor is the nature of the microfibril
strncture. In our model, the microfibril is
described as having a single crystalline core
sl~rrounded by an amorphous shell.
Whether the true microfibril has a single or
multiple crystalline core structure is not
critical to the concept. The essential parameters of this second factor are the re121t'Ive
diameters of the crystallite and surrounding
amorphous shell, and the degree to which
the surrounding material restrains the

FIG. 1. !$thematic representation of the model
used for deriving the relationship between crystallite length ( L ) and crystallite orientation angle
(+). ( a ) represents a helix wrapped around a
cylinder of radius R and ( b ) represents a straight
segment ( L ) as controlled by its position in the
structure.

lateral displacement of the crystallite within
the larger microfibril body. If the amorphous shell in the developing microfibril is
highly viscoelastic in nature, the crystalline

38

hl.

1,OTFY

hl. EL-<)STA, R.

hi. KELLOGG, H. 0 . FOSCHI AN11 H. G. BUTTERS

core might cornpress the surrounding shell
' ~ n dthus permit its extended linear development during formation. On the other hand,
if the amorphous shell is rigid and incomprcssible, and if the microfibril has any
degree ot curvature, then the length of
linear crystalli~le structure that could be
~~ccommodated
within the microfibril is
zero. In the aforementioned analogy, this
is illurtrated by the inability to insert a
straight rod into a curved tube when the
difference between the diameter of the
rod and inside diameter of the tube is
va~ri\hinglysmall.
I)EVELOl'hlEN1'

parallel to the x, y, and z directions respectively, t j ~is the azimuthal angle and is the
helix angle, the vector 1-2 can be expressed
as ( Fig. 111) :

+
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Therefore :
L' = R~ cos2 J, - 2R

2

cos J,

OF TIIE THEORETICAI, hfODEL

\Vc will now proceed to the development
of the mathematical expression of this
model. The cross-sectional shape of the
fiber or tracheid in the model is consiclered
to be cylindrical. Few longitudinal fibers
or tracheids have this exact conformation,
but the mathematics of a more realistic cell
shape are extremely complex.
Consider the helix in Fig. la, wrapped
aromld a cylinder of radius R. Consider also
two points, 1 and 2 on the helix, and the
straight segment 112 of length L (Fig. l b ) .
The vector to n generic point 3 along 1-2 is
P, which has a horizontal projection r. Point
3 i \ at a distance S from point 1. The
purpose is to find that value of S for which
r is a minimum. It is simple to show that,
for S = L/2, r has the rninimun~value given
by:

Introducing r,'R from equation (1) into
(3):

Equation ( 4 ) gives the maximum length of
the straight element contained between two
cylindricall surfaces, one of radius r and the
other of r(4dius R (where r < R ) , with the
condition that the ends of the element are
on a helix of an angle and on a surface of
radius R.
Consider :i crystallite having a diameter d
(Fig. 2 ) . Its center can be located in the
microfibrill at most at R = R, D-c-d/2
from the cell center and as close to it as
r = R, c d/2, where c is some distance,
the nature of which is discussed below, D is
the microfibril diameter, d is the crystallite
diameter and Ro is the radius to the inside of
the microfibril. In other words, we assume
that the crystallite centers form straight
lines with ends on a helix located on a
cylindrical surface R and the crystallites can
be contained between two surfaces with
radii r and R.

+

+

+ +

'I'ht~s,R and r = I< cos ($12) deternline
two concentric circular cylilldrical surfaces
within which the segment of length L is contained touching the outside surface at points
1 and 2 and touching the inside sluface at
point 3 for S = L/2. For a given pair of
radii, r a n d R, L is the longest straight seg~ n e n tthat can be accommodated between
1)oth surfaces.
Let us relate
the
length ( L ) of 112 to the
,
*
angle +. If n,, n, and n, are unit vectors

Since the radius Ro is much larger than
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Equation (10) gives the approximate
maximum length of cellulose crystallites as
estimated by the model. The constant or
cannot be measured directly, but it can be
obtained by fitting Eq. ( 10) to experimental
data. The model can then be confirmed by
how well E q . (10) fits the data.
A tentative physical interpretation may
be given to the coristant a. If the thickness
of the amorphous shell is e = ( D-d)/2 and
the crystallite core compresses the shell to a
thickness c, the percentage compressibility
( y ) is defiined as
e - c

Y = T

x 100

(12)

from which

1k:. 2. Position of n crystallite of a diameter
( d ) within a microfibril relative to a cell center.

Therefore, introducing Eq. (13) into
Eq. ( l l ) ,

either D, d or c, r/R call be approxinlated
as follows:
and thus, iin Eq. ( l o ) ,
Letting cos ' ( r / R ) = w, and r/R being
close to 1,

:.

;=

cos w

1

-

where:

f,
EXPERIMENTAL

To examine the proposed theory, test
specimens were prepared from eight different samples representing three softwood
and three hardwood s~ecies.This material
permitted an experimental evaluation of
the effect on crystallite length of variations
in crystallite orientation angle ( 4 ) and
radial position ( R o ) , since a wide range of
can be obtained by test specimen preparation and the species selected exhibited a
variation iin fiber or tracheid diameters.
A

Collsiclering Eqs. ( 7 ) ant1 ( a ) , Eq. ( 4 )
becomes :

Sul~stituting( 6 ) into ( 9 ) :

where

+

Specimen preparation
Wood 5,amples (nominal 2 cm radially,
1 cm tanglentially, and 8 cm longitudinally)
of alpine fir [Ahies Zusiocarpa (Hook.)
Nutt.], western hemlock [Tsuga heterophylla ( Raf. ) Sarg.], trembling aspen
(Populus tremuloides Michx.), white birch
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( Betula papyriferu Marsh. ) and bigleaf
lnaple (Acer mucrophyllum Pursh.) and two
compression-wood samples of Douglas-fir
[Pseudotsuga menziesii ( Mirb. ) Fr:~nco]
were machined from available stock at the
Western Forest Products Laboratory. Each
sample contained a number of narrow
growth increments and was free of defects.
Using a micro-saw (Bramhall and
McLauchlan 1970), 10 end-matched cross
sections (nominal 2 cnl radially, 1 cm
tangentially, and 3 to 4 mnl longitudinally)
were machined from each sample. The first
specimen of each series was cut from the
radial-tangential plane and was, therefore,
a trne cross section. The other specimens of
each series were sawn such that the normal
to their surf:~ces deviated from the longit ~ ~ d i n adirection
l
by a rotation about the
radi:ll axis of 5 to 45" in 5" increments
(Fig. 3 ) .
Estimates of crystallite length based on
the (040) reflection result from ciystallites
oriented in the direction of the diffraction
vector, i.e. norinal to the specimen surface.
The series of specimens thus prepared
provided estimates of crystallite length for
crystallites in the tangential walls, with the
corresponding range of orientation from the
filler or tracheid axis.
At small crystallite orientation angles,
diffraction arises from crystallites ill the
radial walls as well. However, as 4 increases, diffraction from the radial walls
arises only from crystallites that exhibit
FIG.3. Schematic diagram showing tlle prepangular deviation out of the plane of the aration of experimental specimens. R and T
d~signate {he radial and tangential dirc,ctions,
cell wall.
respectively.

Scanning the (040) reflection
A Pllilips gonioineter P\V 1050 and X-ray
generator PW 1011 were used for scanning
the (040) reflection. Nickel-filtered copper
S-mdiation was employed and lodivergent
and receiving slits were used in the gonio11.1eter. The diffraction profile was recorded
in steps of 0.05" (26') from 30" to 38' (28),
using a fixed-time counting technique (40
seconds). A proportional counter, pulseheight analyzer, scaler, and printer were
utilized.

Numericul analysis for resolving
the (040) reflection

-

The (040) reflection (28 34.5" for
Cu Ka) of cellulose I is t~nfortunately
contamina~ted by reflections arising from
other planes. These planes and their
corresponding (28) angles ( C u K a ) that
give rise to the above-noted interference
(Mann et al. 1960) are listed in Table 1.
Fortuna.tely, the contaminating reflections are much weaker than (040) itself.

CHYSTALLITE

1. List o f nlanes c~nrltheir corrcsvonding
( 2 0 ) angles contaminating the ( 0 4 0 ) ~ i f l c c t i o i
(20 = 34.5' for Cu K a ) of cellulose I

TAULE

hkl

(20)

}

30.6

(20)

hkl

-

}

31.5

34.3

013
113

}

11 =

v

Jr-z5

36.4
132
232

--

of the reflection under consideration, a
n~~merical
analysis was devised to resolve
the (040) reflection froln the composite
profile and to c~llculateits breadth at half
of nlavimum peak intensity.
For the PurPose of conducting the
nl~merical analysis, a colnputer program"
was written. The program considers that
the observed X-ray intensity distribution is
colnposed of intensity contributions from
each of the eight reflections ~neritioned
;tbove superimposed upon a b:tckground
intensity (I,!). The latter was expressed by
the following cubic polynomial:
IB(m)

A,

+

+

wllere:

through

A2 (m-m )
0

+

A

3

("1-II,

o

l2
( 17)

( ~ n - m ~ ) ~
Al

= unknown 'Onstants,
=

and

= a reference (")
angle that can be
taken as that of the
first observat'son.
Each of the eight overlapping peaks was
considered to have a Gaussian shape represented as follows:

"The
program is available from the Westem
Forest Products Laboratory, 6620 N.W. Marine
Drive, Vancouver, B.C., VGT 1x2.

(19)

The total observed X-ray intensity was
therefore represented by the following
expression:
~ ( m ) = A;
+

Since their presence does affect the profile

2

a

Bn

36.2

231
34.1

1. 2 . . . . 8 and
= the (26) angle at which the
peak occurs.
In the above equation A2,,vRis the peak
intensity, whereas AZn+4 is related to its
breadth (B,,) at half height in the following
manner:

where:

A2n+4 =

}
003
103
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+

A~ (m-mo)

A3 (m-no)

2

+ A4 ( m - n ~ ~ ) ~

The twenty llllkllown constants were deterfit of E ~ (20)
. to
Inilled by the
the X-ray intensities from 30" to 38" (26).
Thus, if I,,(m,) is the observed intensity at
m, angle and I ( m,) is the intensity given by
E~ (20) for the same angle, the corlcxtion
that
1=1
N p [ ~ D ~ s-, ~I

r\l p = number of data points

be a minimum allowed the determination
of the unknown constants in Eq. (20). The
lnirlimization of J was achieved by using
Fletcher and Powell's method ( 1963). After
determining the " A constants, Eqs. (19)
and (20)
direct calculations of the
resolved ( 040) peak intensity as well as the
breadth at half of its height.
Crystallite length determination
<:rystallite length was obtained from the
line profile for the resolved (040) reflection
by applying the following Sherrer equation
(Klug and Alexander 1954) :
1)= KX/P cos 6,
where: 1)= average crystallite size normal
to diffracting planes,
E: = constant (0.9),
;L = X-ray wave length
(0.1542
nm),

TABLE
2 . Aocrage cry,tallitc lerigth ( n m ) GY a function of their arlgle to the tracheid or fiber axis
Angle t o t r a c h e i d o r f i b e r a x i s ( d e g r e e s )
Species

0

5

10

15

20

25

30

35

40

45

D o u g l a s - f i r compression
wood #1

31.1

22.6

26.0

20.0

21.8

12.9

8.9

6.6

5.0

4.5

D o u g l a s - f i r compression
wood #2

28.2

25.1

24.2

22.6

17.2

17.2

11.5

8.4

4.7

-

Western hemlock fl

28.2

25.1

-

24.2

18.5

16.5

11.2

7.2

5.9

4.9

Western hemlock d2

24.2

28.2

28.2

25.1

23.3

17.6

10.8

5.0

5.1

4.2

Aspen, t r e m b l i n g

28.2

25.1

21.8

19.0

15.4

11.9

9.5

5.7

5.1

4.2

Birch, white

26.0

26.0

21.8

18.1

17.6

11.5

7.0

5.0

4.2

4.6

Maple, b i g l e a f

22.6

23.3

16.8

16.1

9.6

4.9

4.7

5.1

5.0

4.5

Softwoods
Alpine fir

Hardwoods

--

H = Bragg's angle ( 17.25" ) and
pure breadth for the ( 040)

/j= the

at half-peak
radians ) .

intensity

(in

Tlle observed line breadth at half-peak
intensity ( B ) for the (040) reflection is due
to the combined effects of average crystallite strain, and instrumental broadening
( Klug and Alexander 1954 ) . Accordingly,
in order to apply Sherrer's equation, it was
assumed that no strains were present, and
the observed line breadth was corrected for
instrunlental line broadening. Hexamethyleiletetramine (CHz)6N4 was used as a
standard for assessing the instrumental line
broadening under identical experimental
conditions. This standard has been used by
Sheiiouda and Viswanathan ( 1972) and
Viswanathan and Venkatakrishnan ( 1969).
For ( C H S )F,N1 crystals, the instrumental
line broadening ( b ) amounted to 0.24'
(20). Warren's correction ( Klug and
Alexander 1954) was applied for calculating p in Sherrer's equation whereby
p =(HLb'L)l/2.
Estimates of R,, for the experimental
material could not be determined with
precision because the exact position of the
diffracting crystallites within the cell walls
cannot be ascertained. However, on the
basis of the known microfibril orientation
within the cell-wall layers, it might be expected that for crystallite angles ranging

from OC to 4S0, most of the diffraction
would arise from crystallites within the Sz
layer. I t was decided that an approximate
measure of R , could be taken as slightly less
than half of the average tracheid or fiber
diameter to account for wall thickness.
These dia.meter measurements were ~ n a d e
on cross-sectional microtome slicks prepared f r o n ~ each sample. The average
diameter was estimated with the aid of a
projecting microscope from cell counts
within a known width of measuring field.
For each sample, the average diameter was
determined from 20 sets of cell counts.
RESULTS AN11 DISCUSSION

C:alculated crystallite lengths and the
corresponlding angles the crystallites make
with the ~racheidor fiber axis for different
species are presented in Table 2. The
crystallite length values may be slightly
underestimated because of the fact that part
of the measured line broadening i~ due to
crystalline strain. Correction for this effect
cannot be made.
The basic data for the relatioilship
between crystallite orientation angle ( 4 )
and crystallite length ( L ) are sl~ownin
Table 2 and plotted in Fig. 4 for all eight
samples. A similar pattern of decreclsing
crystallite length with increasing crystallite
orientation angle is evident for all samples.
Equation (10) was fitted to the experi-

CRYSTAL1,ITE LENGTH

CRYSTALLITE ORIENTATION ANGLE (@),
DEGREES
FIG.4. Experitnental data for crystallite length ( L ) as a fr~nctionof crystallite orientation angle ( @ )
and the theoretical relationship between L and @ as a function of R,

;C, R. 0.

inental data. The value of Ro was taken as
12,~n1, a reasonable average for these
species. The value of a obtained was a: =
0.04382 and the regression curve is plotted
in Fig. 4. The general shape of the predicted curve fits the data quite well over its
mid-range. Thc curve reaches an asymptote
of 4.8 nm at 4 =90°. I t appears that the
experimental data reach this same level, but
at a lower value of crystallite orientation
angle. At = 0°, the model goes to infinity.
Obviously this is an impossibility, for the
fiber or the tracheid itself has finite length.
The experimental data deviate markedly
fro111 the predicted curve at crystallite orientation angles of less than 10". Perhaps the
~nicrofibrilsweave slightly within the wall as
they appear to do in many electron micrographs so that, even with an average orientation of 0°, curvature is present and the
crystallite length thereby is limited.
The estimate of amorphous shell thickness ( e ) is taken as 0.6 nm based on the
estimate of average distance between
crystallites of 1.2 nnl (Aerlyn 1970). Using
N = 0.04382 and Eq. (14), the value of 7,
the percentage compressibility of the
amorphous shell, is found to be y = 0.02%.
If the interpretation of given by Eq. (14)
is physically valid, the value obtained for
means that the amorphous shell is laterally
compressed only minutely before the
crystallite is disrupted in its linear development.
It must be realized that the experi~nental
data were obtained on air-dry specimens
only. Whether or not rernoval of water
could have affected the average crystallite
lengtl~remains to be seen. In addition, the
model was developed for cells of circular
cross section; nevertheless this does not
invalidate the application of the concept to
noncircular cells. A cell approaching a
rectangular shape will have portions of its
wall with both greater and lesser curvat ure
than that for a circular cell of the same
average diameter. Thus, the range of maximum crystallite lengths would be increased
for :I given crystallite orientation angle, but
the average
- value obtained from the diffractions from a large number of cells might

+
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TABLE3. A, c ~ n ~ p a r i s obetween
n
@(i.e.,oTV-R,~~)
and Q, ( i.e., regression coefficient )
Cell
diameter
(~m)

Q

Q1

(nm)

(nm)

Softwoods
Alpine fir

33

5.63

4.61

Douglas-fir
compression wood #1

34

5.71

4.95

Doug1 a s - f i r
compression wood # 2

29

5.28

5.06

Western h e ~ n l o c k#1

34

5.71

5.86

Western heinlock 112

30

5.37

5.61

Hardwoods
Aspen, t r e ~ n bil ng

26

5.00

4.27

Birch, white

25

4.90

4.20

Maple, b i g l e a f

22

4.60

3.13

be very similar to that obtained for more
circular cells. The weaving patterns of
microfibrills would be a limiting factor for
crystallite length even for flat-sided cells.
Interest was next directed to determining
whether tht: variation in the crystallite
length-crystallite orientation angle relationship between species is related to their
differences 1111 cell diameter, which would
directly affect the values of R, in the model.
The average diameters of tracheids or fibers
for the samples are listed in Table 3. From
this information, the average cell radius was
taken as an estimate of Ro for each species.
Substituting these values of Ro and fixed
values of = 0.02% and e = 0.6 nm into
Eq. (16) yielded a constant Q for each
species. A regression analysis of the I, vs.
4 data, excluding the data points for
+ = 0" and 5 O , and using the function
Ql/sin+ was conducted for each species.
The values of Q and Q1 so derived are
shown in Table 3.
A rank correlation indicated that the
associatiori between Q and Q1 is significant
at the 1%level. This substantiates that part
of the variability in the crystallite length at
a fixed + angle is dut: to the variation in cell
diameter.
To check the present model further as a
function of Ro, Eq. (10) was used to derive
the theoretical relationship between L and

CRYSTALLITE LENGTH
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for R, = 15 pm and Ro = 9pm. These BOURRET,A., H. CHANZY,AND R. LAZARO. 1972.
Crystallite features of Valonia cellulose by
relationships are also plotted in Fig. 4.
electron diffraction and dark field electron
Examination of these relationships indicates
n~icroscopy. Biopolymers 11( 4 ) :893-898.
that the model is sensitive to Ro and that BRAMHALL,G., AND T. A. MCLAUCHLAN.1970.
the predicted variation in L resulting from
The preparation of microsections by sawing.
Wood Fiber 2 ( 1) :67-69.
t l ~ echange in R,, assigned to our material is
D. F . 1971. Crystallite sizes in wet
reasonably similar to that determined CAULFIELD,
and dry Valonia uentricosa. Text. Res. J . 41:
experimentally.
267-269.
The test of the theoretical model for EL-OSTA,M. 1..M., AND R. W. WELLWOOD.1972.
Short-term creep as related to cell-wall
crystallite length that we have proposed is
crystallinity. Wood Fiber 4 ( 3 ) :204-211.
not rigorous, namely because of our inability
FENGEL, D. 1970. Ultrastructural behavior of
to measure the parailleters included in the
cell-wall polysaccharides. Tappi 53 ( 3 ) :497constant, a. We feel, however, that the
50.7.
.
concept is reasonable and supported suf- FLETCHER,R., AND M. POWELL. 1963. A rapidly
convergent descent method for minimization.
ficiently by the experimental results to offer
Comput. J. 6: 163-168 ( F M F P routine in
it as a working model worthy of further
IBM's Scientific Package).
elperimental investigation.
FHEY-WYSSLING,
A,, AND K. MUHLETHALEH.1965.
SUMMARY AND CONCLUSION

A theory relating crystallite length with
the physical conditions under which the
crystallite may have been developed is
presented in the form of a mechanistic
model. The model considers two basic
factors. The first of these is the curvature of
the inicrofibril as determined by the microfibril orientation and the radial distance
fro111 the cell center. The second factor has
been expressed by a collstant that may be
related to certain cross-sectional properties
of the microfibril.
On the basis of measurements made on
1,otll hardwood and softwood samples, the
influence of the above-mentioned microfibrillar curvat~~refactors on crystallite
length appears to be predicted reasonably
well by the theoretical model presented.
Crystallite lengths for the experimental
material varied from 4.2 n n ~to 31.1 nm,
decreasing with increasing crystallite orientation angle and decreasing radial position.
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