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ABSTRACT 

A tcxtl~rr goniometrr \vus rltilized for meas~lring the azim11th:rl intensity distribution of 
the (040)  meridional diffr;lction fro111 S O I I I ~  coniferous \\loocl tissues. A compntcrizod 
iterative fitting method rvas r~sed to generate niathematically the experinlental diffraction 
cllrve and to resolve the (040) diffraction pattern fro111 the con~positc profile. The nrean 
111icrofibri1 angle was then estinlated from the shape of the resolved (040)  profile. 

The technicl~1c developed hcrein is a direct and simple ~ncthod for determining thc niean 
uricrofihril angle with a generally satisfactory level of precision. In addition, the technirlilc 
is applica1)le to ~natcrial \vith a wide range of niicrofihril angles. 

Atlrlitionul keyu;ortls: Pscritlotsriga w~crlziesii, Tsrrga Irctcro~~llylla, mcridional diffraction, 
~nicrofibril angle, X-ray diffraction, (040)  peak, numerical an;,lysis, mcrcury reflectancc 
~ ~ ~ e t h o d ,  texture gonio11icte1-. 

1NTHOI)UCTION 

Rlicrofil~ril anglc is one of the I~asic ultra- 
structural characteristics of \voody ~ ~ ' 1 1  
walls. It  influences a nu~nber of wood 
properties, such as creep (El-osta and Well- 
\vood 1972), ~ilod~ilus of elasticity ( Cow- 
drey and Preston 1966; Hearle 1963), and 
dimensional stability ( hleylnil and Probine 
1969). In addition, it exerts priivlary con- 
trol 011 the mechanical properties of single 
wood pulp fibers (Page et al. 1971). It  is 
therefore of soine techilological il~~portance 
to provide wood sciei~tists and technologists 
with a direct X-ray techlliclne by which 
microfil~ril angle can 11c determined on a 
routine basis. 

Most of the available X-ray tech~iiques 
for deterrnii~ing the average orientation of 
cellulose crystallites arc based on measure- 
ment of the intensity distril~ution on the 
paratropic planes, such as (002), ( 10 i ) ,  
and ( 101 ) . This requires i~~terpreting the 
diffraction patterns to ol~tain an estimate 
of the average 1nicrofi1)ril anglc. The fol- 

lowing criteria have l~cen utilized to dt~lllce 
the mean inicr, )fibril angle : 

( a )  half the angular width of the (002) 
arc at 40% or 50% of its peak hc.ight 
(Meredith 1951; Preston 1952) : 

( 1 ) )  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 clt al. 1972; Meylan 1967). 

Criterion ( a ) ,  which was defined to agree 
with other euperimental results, is invalid 
ill the case of a double-peak (bimodal) 
diffraction diagranv and has no sound 
theoretical basis. Criterion ( b ) ,  however, 
has some theoretical justification, but re- 
quires a calibration procedure for coilver- 
sioil of the T angle to microfil~ril :u~gle 
( Cave 1966). Different species ancl ~ilood 
tissues inay also require different calilxa- 
tions (El-osta cxt al. 1972; Kcllogg ct al. 
1972). 
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It  is worth nlentioning here that other 
X-ray techniclnes that utilize the paratropic 
reflection are available for deterrniiling the 
mean microfibril angle. Among these 
nlcthods is the one developed by Hermans 
( 194349 ) . Utilizing this method, one can de- 
tennine the orientation factor and the mean 
inclination angle of cellulose crystallites to 
f i l x l -  axis.  his metllod 1x1s 1,een criticized 
1)y DcLucn and Orr ( 1961) on the grounds 
that it was designed for regenerated fibers. 
111 general, results derived fro111 paratropic 
planes are not sufficient to describe the 
orientation of the b-axis of the cellulose I 
tunit cell. 

Diffractions arising from the diatropic 
(040) plane of cellulose I crystallites give 
the microfibril angle distribution directly. 
L~~~fortuilately, this type of diffraction is 
contaminated at its tails by diffractions 
from the first and third layer lines and the 
cquator wllicli occur at nearly the same 
Hragg angle ( hlann et al. 1960; Radhakrish- 
Iran et al. 1969). Furthermore, this kind of 
diffraction is usually weaker than the dif- 
fraction arising from paratropic planes. 
IIo\ve\~er, this difficulty call 11e overcome 
1)y using a tilted specimen as will be shown 
in the material and methods section of this 
II;lper. 

A fe\v Japanese scientists have used the 
( 040) diffraction pattern to record tlle 
distri1,lltion of microfibril angle withi11 t l ~ c  
cc.11 wall ancl to deterinine the rnean angle 
of some wood species (Nomura and Yarnada 
1072; Sobue et al. 1971; Suznki 1967; 
Watnna1)e and Inoue 1964). Their analyti- 
cal approach has two main drawbacks. 
First, they did not take into coi~sideration 
thc afol-mc11tioilec1 contaniination of thc 
( 040) diffraction pattern of cellulose I. 
Second, their definition ot the background 
\Ira\ a r l ~ i t r a r ~  and could produce a certain 
el i or in calcl~lating the illearl microfibril 
angle. 

T l ~ c  ~xupo \e  of tllij papel i\:  

( 1 ) to illustrate a numerical nlethod for 
resolving tElc ( 040) diffraction pat- 
tell1 fioln the compo\itc profile, 

( 2 )  to utilize the resolved (040) diffmc- 
tion pc~ttern in calculating the mean 
~nicrofibril angle. 

THISO11CTICAL AI'I'HOACII 

\leasurernent of the intensity of diffrac- 
tion of a particular plane, a5 a function of 
the orientation of a. specimeil rcllative to 
the diffraction vector of a diffracto~neter, 
yields inforn~~~tion about the preferred 
orientation of the crystallites in the speci- 
men. Such information is norillally pre- 
\ented as a stereographic projection of the 
plane nonnals, 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 
gonionleter. 

Geometric colzsiclerations of the texture 
goniomter  

Considering the schematic dingran1 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 
ecluation, i t . ,  

IIA =- 2d sill 6' 
where: n = order of diffraction; 

,\ = X-ray wave le~lgth; 
d = interplanar spacing of 

the set of p l a~~es ;  
0 = angle l~etween 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 )  i1-111st 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 wit11 the (040) plane are as follows 
( Hadllakrisllilan et al. 1969) : 
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20 Angle 
for C11 Kor 
( degrcc. ) 

Angle 
relati\(% 
to tl1c 
( 0.10 ) 

( tlegrce ) 

If a llighly oriented wood specimen with 
a snlnll ~nicrofibril angle is p1acr:d at 0 
(Fig. 1) and oriented such that the tra- 
clleid axis coiiicides with 0,4, the detector 
will measure only diffraction from the 
(040) planes. Upon rotating the specimen 
gradually through an azimntlial angle 4 
n11o11t ON ( O N  is normal to OA and lies in 
tlic, plaiw of thr, paper),  tllc cletcctor outpnt 
will cpiickly fall to the 1,ackgromid ( R G )  
l ~ ~ c a ~ ~ s e  tlie (040) planes will be so oriented 
as not to satisfy condition ( 1)) above. As 
the aiiglc + increases to aljol~t 40" from the 

R A Y  
A M  

original positioi~, 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 (11 1. Similarly, as + approacl~es 
75" and 90Y, thc detector will register some 
diffraction from planes of the type ( 113) 
and ( 103), respectively. 

In n wood spc-cirncn with a lower degree 
of oriciitatioi~ aiid broader nlicrofibril iingle 
distribution, the ability to resolve tile sep- 
arate diffractioiis meiltioned above breaks 
down. The result is a composite profile, 
the main portion of \vhich is due to cliffrac- 
tion from the (1 040) plane. 

Nzr)ncricnl oncll!lsis for resolving (040) 
cliffrc~ction peuk 

The aim of the numerical analysis used 
lierein is to gencxrate the experinlental dif- 
fraction cliagrai~~ ~nathematically and then 
resolve the (040) peak frorn it. Before 
proceeding further, it is necessary to de- 
fine the geometry of the technique u\ed. 
The geometry is as follows (Fig. 2 ) :  

( a )  The specimen axis is taken par:lllel 

to the di~c~ction of e:! (OA in Fig. 1 ) .  
(11) The axis of spc,cimcn rotatioli ( ON 

in Fig. 1 ) is coincideilt \vith t h ~  

' I t  is ; L S S I I I I ~ ~ ~  that thc illicrofi1,ril axis coincides 
\\.it11 the crystallo>:raphic "I," axis (Sisson 1935). 

W O O D  S P E C I M E N  
'900 T\ ,QE17.75° 

D E T E C T  

I \ 
I 

I"I(.. 1. Corlditions for diffraction froill the contnminatc~d (010) plaile in \vood spccii~ic,n. 
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FIG. 3. (;eo~nc.try of th(' S-1.a~ tcc:hniquc and 
the. spclcimen s y ' i t e ~ ~ ~ s .  

( c )  The microfibril aui\ direction (11) is 
giveil 1,y the microfibril angle p and 
the azim~~thal  angle V .  This direction 
coincide\ wit11 the nornlal to the 
(040) plane. 

( d )  Tllerc i.; al\o another general plane 

P,, the normal of \vhicIi ( P )  makes 

an angle t~ with 11. The direction of 

1' is defilled 11y -/ and the azimuthal 
angle p. 

(:cilerally, the tinit \.rctor P is given by: 

P = sill 7 cos ,J. c l  + sin y sin p e2 

+ cos y e,,. (1) 

For the plane P,, to give rise to diffraction, 

its normal ( P )  must lx~come parallel to OA 

( Fig. l ) ,  througli a rotation + el .  The 
rotated I7ector call be \vritten as follows: 

I',. = sill Y cos /L c I  

+ [cos + sin y sill p - sill $ cos .J] e2 

+ [sin sin -/ sin p i- cos $ cos y] e3. ( 2 )  

:lccorditlgly, the diffraction occurs when 
-> 

the coii~poiients in the directions of el and 

c2 1)ccolne zero, i.e.: 

sin y cos ,A = O and ( 3 )  
cos 3 sill 7 sin p - sin 4 cos .J = 0. ( 4 )  

To satisfy eciuntion ( 3 ) ,  for the general case 
ot -/ F 0. 

cos p = 0 or p = r/2, 3 ~ / / 2 .  (5)  

From equations ( 5 )  and ( 4 ) ,  

sin (I) t y )  = 0. ( 6 )  

Thus, the rotation that is required to 
IIriilg P,, plane ill a position for diffraction 
is given 11y 

I C ' = * Y i l l r  

where: n = 0 , 1 , .  . .  . 
( 7 )  

Eq11,itioiis (5)  and ( 7 )  can be utilized to 
construct the component\ of the diffr'lction 
profilcs prodtrccd 1)y p1anc.s havii~g Hragg's 
mgle ncar 1'7.25'. 

1. Plane (040) 

In this caw, tu = 0, y = and p = I, Ap- 
plication of etluntion (5)  indicate\ t11;it the 
diffraction fro111 the (040) plane i\ possible 
only from 1iiicrofil)rils in planes 11orma1 to 
the direction O N  ( Fig. 1 ) .  This co~~clition, 
whereby thc X-ray 11ean1 fall\ o11 the 
tangential face of the wood speci~rlen, is 
\ati\fied by: 

( a )  inicrof il~rils in the tangential \\7:ills of 
the specimen. 

(1 ) )  nlicrofi1,rils having zero anglc 111 the 
radial walls and 

( c )  if, throl~gh weaving in and out of the 
plane of the radial walls, solnc ~nicro- 
fibril\ lie in a plane parallel to the 
plane of rotation. However, con- 
tribution to diffraction profile from 
these microfibrils is probably sinall 
and would not materially affect the 
result. 

According to equation ( 7) ,  the rclcluired 
specimen rotation for a give11 niicrofibril 
with an angle /3 is: 

2. Get~ernl plane P ,  
In the general ca\e, the plane P, is de- 

tinccl as inakiilg an  angle cu wit11 the plane 
(040). IIomever, there exists an infinite 
n1uml)er of directions that n~ake ail angle 

tr with P. This fanlily of directions gener- 
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atrs n conical surface ( 2  (Fig. 2 ) .  The 

17ec.tor 1)  can be espressccl i n  tlic following 
111;1111161': 

1) = sill /3 cos I )  el t sill /3 sin 11 e2 

+ cos /;( e,(; (9  ) 
a id ,  if I',, is in a positiolr to satisfy the con- 

dition for diffractioll, the lrector 1' call 11c 
written as follo\17s, according to ecluations 
(1) and ( 5 ) :  

P = t sill y e2 + cos 3, e,;. (10)  
+ 

Since, thc falllily of vectors 1) olr the sm- 
facc 11 satisfies the conditio~r: 

. , 

P .lI = cos tu .  (11) 

cos o = -C sin -1 sin ill sin I !  

+ cos p cos y.  ( 12) 

I,ct 11s colisicler the casc \vherel)y an X- 
ray 11eanl falls oil the tangential face of a 
wood specimen : 

a :  For ~t~icrofihrilv loc~ltrrl in on(. p i r  of 
tcltlgcr~tial zca1l.v ( 1 1  = a/2, 3,/2, 
Fig. 2) 

For tliosc \valls ecluatio~~ ( 12) l~ecomes: 

alrd accoiding to ecluation ( 7 )  tllc recluired 
rotation for prodlicii~g diffraction From thc 
l',, pl,ule of tliese microfil)ril5 is given by: 

$ -- /3 * ('Y t n r  for 11 = r/2, and (15) * = -p f t!? I l r  for 1, = 371/2, 
\vhcre: 11 = 0. 1, . . . . 

1):  For ~~li( 'rofil)ril~ Io(.~te(l in on(. pair of 
rnrlitrl rcnlls' ( V  - r ,  2X) 

For thaw walls ecluatiol~ ( 12 ) becomes : 

COS t Y  = COS p cos -/ (16)  

a11t1 according to eiluation ( 7 )  the recjuirecl 

2 r .  1 1 1 ~ .  ;~rtthors \vi.;h to thank Dr. F. El-lIossc.iny 
of tlltl l'l'HI<: for his nsefr~l co~r t~~ le~ l t s .  

rotation for producing diffraction frorn the 
Pi, plane of these microfi1)rils is given by: 

$ = * al.cos (cosc~/cosP) * iir ( 17) 
where: n = 0, 1, . . . . 

c: For n~icrofi11ril.r. located in r~u l l s  lcith 
v otller than r/2, r ,  3r/2, or 2r. 

Equation (7: )  and (12)  can again he used 
to determine the required rotation for pro- 
ducing diffraction from the P, plane for 
those inicrofibrils. Equation 12, however, 
becomes in this case a transcendental eilua- 
tion for y and curnbersorne to solve. For 
simplicity, this contribution to the diffrac- 
tion profile will not be considered here. 
This approsinlation is equivalent to taking 
the cross section of the tracheid to be rec- 
tangular in shape. Since the true shape is 
not precisely koo\vn, a more precise model 
is not required. This approsimatio~i is not 
expected to significantly affect the rr.sults 
since it is related only to minor contribu- 
tions from planes other than (040). 

Limiting the angles q, P, and t~ to vulaes 
between 0 and 4 2 ,  the composite diffrac- 
tion profile at + can now be obtained by 
superposition of results derived from 
equations ( h r ) ,  ( 15),  and ( 17).  This profilc 
consists of diffraction from: 

( a )  (040) plane of ~nicrofibrils in tra- 
cbeid tangential wall ( v = r / 2 )  and 
and nl\o in the radial wall for = 0 
with: 

(11) l', plane of ~ilicrofibrils in the tra- 
cheid tangential wall at ( V  = a/2) 
with: 

( c )  Pi, plane of microfibrils in the tra- 
chcid t,lngential wall (1) = 3 ~ / 2 )  
with : 

(cl) P, pla~icb of microfil~rils in the tra- 
clieid radial walls ( , I  = a, 2 r )  with 
ijj = CISCOS ( co~tu/cos+) if t,b < ( V  (21)  
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Thus, if 
I4 ( p )  = (040) intensity distribution as 

a f1111ction of the microfibril angle P, 
I,, ( p )  = P,, intensity distribution as a 

fiii~ctio~l of p, 
I ( +)  = intensity distribution as a func- 

ion of +, and considering that the three 
groupsof planes occur at el = 40.6', a2 = 
75.4" and R:! = 90" from (040) plane, then 
the observed co~nposite illtensity at + can 
1)e 1vritte11 as follows: 

1 + I,. [ ..-~ (..$,]A.(ai-*l, 

+ l a ,  ( T / ? - $ )  + 1 ( 7 / 2 )  
a 3 

( 2 2 )  
,i 

wlirrc the 4tep fu11ction5 A (Y) and A* (u) 
,ire clef-iiied in the follo~ving manner: 

1 (s)  = l  if s > O  
A (s) = 1/2 if s = 0 
A (s)  = O  if s < O  
A ( )  1 if s 3 0  

(23) 

1:7s)=O if s < 0 .  

Assmming that the inte1isity distril~ution 
fl~nction 1, and, in general, I,, are Gaussian 
ceiitcred at angle p,,, corresponding to the 
greatest density of n~icrofil~rils, then these 
c1istril)utions can 11e expressed by: 

Sub\tituting equations (24) illto equa- 
tion (22) give5 the intcnsity observed at 
5pecimen rotation angle + as a function of 
thc parameter\ III"througll 11,' and Po: 

The model used herein differs from that 
employed by Radhakrishilan et al. (1969) 
in that they assunled that all intensity dis- 
tribution functions of ecluations (24) had 
the same shape and differed only by a scale 
factor. This assl~nlptioil required the use 
of only five parameters in their eclnation. 
I t  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 
ill the other walls (i.e. radial wall in this 
study). 

The pararneters Hl-hrough 11,' and 
call be conlputed by a nonlinear least- 
squares method of fit. Thus, if I,, (qi)  is 
the observed intensity for an angle of qi, 
the parameters can be computed from the 
conditioll that 

1)e a minimum, where NA is the nunlber of 
observations, RG ($,) is the background, 
and I (+,) is the net intensity calculated by 



ecp~a t io~~  (25) at angle +i. The n~inimiza- 
tioil of L' call Ilc acbieved 1 ) ~ .  using Fletcher 
:u~cl Powcll's method ( 1963). It should 1)e 
indicated that EI, tlirongli HE arcb 11ncon- 
stri~iiled since their scpiares are llscd in 
ecl~~ations (24) ,  considering that the paraln- 
cters of the (:anssiai~ distril)lltions have to 
11e positive. In order to nlake the search for 
the optimlii~l angle p,, ~incoilstrai~~ed also, 
I I ! ,  was defined such that /3,, = H!12. 

IIaving evaluated HI ancl Hz nun~erically, 
o11c can generate tlie resolved (040) dif- 
fraction pattern as :I fmlction of p, from 
which the ineall inicrofibril angle call Ile 
calculated. 

\\.ootl specimens of Douglas-fir [Ps~IL-  
rlotuu,qtr ~)~cn;ie.sii (hlirb.) Franco] and 
\vestern henllock [Il'sugn hetcrophylla (Rid.) 
Sarg.] \vert> chosen from a\lailal)le stock 
i l l  tlie II'estern Forest Procllicts Lal~oratory. 
A total of 16 speci~l~ei~s having dimensions 
1.0-1.5 rnlu radially, 1.0 cln tangentially, 
amd 1.0 cnl longit~~tlinally were machined 
from early\vood a i d  latewood zones. Since 
the specimcn edge was 11sed as a reference 
for moluntiiig in the texture go~liorneter, 
care was taken to ensure a cut parallel to 
the grain. Optim111n specimcn thickness 
can Ile calcl~lated accordiug to standard 
tcchi~iclues (Alexander 1969). Considering 
differci~ces i l l  tiss~ie density. these calcl~ln- 
tions and practical expcrieiice let1 to the 
adoption of all optimmm tllickiless of 1.0 
mi11 and 1.5 I I ~ I I I  for latewood and carly- 
\iiood speciil~ei~s, respectively. 

Phillips P. \IT. 1009 X-ray diffraction ap- 
p;~ratl~s and l'hillips 1'. I\'. 1078 texture 
gonio~neter used in thc trallsmission modc 
\I7cre utilized in this study. Nickel-filtered 
CII X-ray generated at 35 IiV and 13 11lA 
were employed. The diffracted intensities 
\\>ere determined 1)). means of n propor- 
tional colli~ter, pu1sc:-height analyzer, and 
scaler. 

A \\7ood spcciinel~ was placed in position 
0 (Fig. I )  and set to oscillatca 6 mln trans- 
vn-sc to thc X-ray I ~ e a ~ n .  The I~eam pene- 
tratccl the tangential face of the spccimeil. 
l h e  (, 040) and background intensities were 

dc tenni~~ed at 26 angles of 34.5" and :30°, 
respectively. The intensity of tlie l~ack- 
ground angle was found to be substantially 
free of I-eflections at ally azimuthal angle. 
Peak and hackground iiiteilsities were de- 
termii~ed at 5" azimntlial increments fron~ 
+ = -90" to +90' using 10 seconds counting 
tin~e. It  is recognized that an incwnscd 
couiitii~g time \vould be expected to im- 
prove counting precision. However, ex- 
perience with a 20-second counting time 
did not appear to significailtly affect the 
mean microfi1)ril angle, I ~ u t  did apprecialdy 
increase the time required for data collec- 
tion. 

Anc~l'!/tictrl procedure 

For the purpose of conductii~g the 
iluiilerical analysis, a coinputer progr:ii~Y~ 
was written to fit equation (25) to thc ex- 
perimental results. Prior to the c1m7e- 
fitting procedli.re, the iiitellsities froni + = 
-90" to +90° were checked for syrnnlctry 
about + = O", to verify the correct position- 
ing of the speci~nen in the texture goniom- 
eter. Using the fnnction 

where : NI' = 1-1um11er of data points con- 
cousiderecl, a tcst was run to find the origin 
for the angles + for which V is a mil~in~iiin. 
The aiigle satisfying this condition was 
collsidered to be the best approximation 
to the symnletry point at which the origin 
+ = 0 n~ust  be located. Then the intensities 
for ++ angles are added to those for the 
symmetric -+ ailgles and averaged to give 
the best estimate for the mean intensities 
for + = O to + =: 90". 

It  was necessary to provide initial csti- 
lnates of the value of H,' in order to start 
the iterative procedure in tlie minimization 
algorithm. Since diffraction arising from 
(040) plane constitutes the main part of 

:' The program is availal~le from the Wcster~l 
Forcst Prodr~cts l,aboratory, 6620 N.11'. Marine 
Drive, 17a~lcori\rcr 8, B.C. (Infor~liatiori Report 
V1'-x-1l.i). 
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tlie composite profile. I I Ihwas  approxi- 
mated hy the actual iiiasin~lun intensity 
ol)served. The location of this iilaxiiiluln 
was considered as the first approximation 
to PI, which, in tunl, w:is taken as the initial 
csti~natc for HCl2. 

Differentiating I4 ( 8) in eclnutions ( 24) 
and letting p = p,,, tlir following equation 
\\us o1)tained for calculatii~g E12': 

It', (P I , ) ,  t11c: secoild derivative of Ig, was 
estimated by the curvatnrc of :L parabola 
fitted to the illteiisity data ill an interval 
with center at p = p,,. 

For diffractions due to planes occurring 
at 0 1 ,  tr-, aiid cu:] from thc (040) plane, it 
was assllrned initially that the parameters 
I-f:," i1:" and I-li%ere oilly 0.10 HI2. I11 
:iclditio~~, as a first approximation, the shape 
of all intensity fur~ctions in equations (24) 
was considered to be thc same, i.e. each of 
I~I,', H,;\aiid Hx%equals HZ< I t  is importailt 
:also for numerical shibility that data be 
availal~le at the peaks of the different Gaus- 
sian distributioils. This conclition was not 
always inet during the unc*onstrained 
search for the optiiiiuin Po Therefore, 
c>\-tra data points were iirterpolated if re- 
cll~ired during the minimizatio~i process. 

ilssulni~rg that the intensity clistribution 
fllnction I ,  ( p )  changes only l)y a scale 
factor if the specirnen is rotated about the 
longitndinal tracheid axis. the nieail micro- 
fil~Al angle <P> can be calculated as fol- 
lows ( Sol)uc, c.t al. 1971 ) : 

The integrals are evaluated i~umerically 
after thc parameters H1%aild II2"1ave been 
c.oinputcd and the fu~iction I, is kno\vn 
from c.q~~:ations (24).  Tlir, ~~~agilitludr' of 1 4  

( p ) ,  for ;I given counting time, will be de- 
pt>ild,ait upon the cross-sectional shape of 

the traclieid. However, this will irot affect 
the inean microfibril angle according to 
equation ( 29 ) . 

It  was desirable to compare the mean 
111icrofil)ril angle obtaiiled by the X-ray 
technicyue with that obtained by n direct 
microscopic  neth hod. For this purpose, tllc 
mean microfibril angle was detenni~rr:d by 
tllc mercury reflectance method (Page 
1969) on the tangential surface of the same 
specime~is uscxl in tlie X-ray study. Details 
of the inethod and specinieil prep:iration, 
used herein, are similar to those outlined 
recently 11y 1S1-osta et al. (1972). 

IlESlJLTS AND DISCUSSIOX 

The nmnei-ical iterative procetlure out- 
lined al)o\,e 7~t7as applied to the azi~m~tlial 
intensity scairiiings of 16 wood specirncns. 
Considera1)le success was achieved in 
fitting equation (25) to tlie esperin~ental 
results. Cocfficic~~ts of detcrmin:ttior~s for 
the 16 sped~irens ranged from 0.852 to 
0.998. The results of the llulnerical a~~;ilyses 
are show11 in Fig. 3 for three selected rpeci- 
mens. In tli-is figure, the resol\7ed (040) 
profiles (curves C )  indicate a spc:ctri~m of 
shapes rairgiilg from sharp (unimodal) for 
western hemlock earlywood specimen 
\1'11E\\'-A (Fig. 3-2)  to less sharp ( m i -  
modal) for Ilouglas-fir earlywood speci- 
men DFE\\'-.C (Fig. 3-11), or 111.oad (hi- 
tnoclal ) for sl?ecimen DFEW-G ( Fig. 3-c).  

Ntuinerical estiinates of tlle p;iralneters 
of diffraction patterns presented i l l  this 
paper were o1,tained with an al~solt~te ac- 
curacy of 0.5 for the paralileters III2 to i~IR2 
and 0.2" for II!," A cornputatioil time in 
the range of 2.48-8.97 seconds, depending 
on the number of iteratio~~s, was needed oil 
:a11 II3Rl 360/67. It  was found that greater 
accuracy requirements increased the com- 
putation time without significai~tly nffect- 
ing the ~neail microfibril angle. 

Mean values of the inicrofibril angle 
deduced from the X-ray techniqt~e by ap- 
plying ecluatio11 (29) to the resolver1 (040) 
profiles arc shown ill Table 1. As a check 
on  the reprochlcibility of these values, 11 
azimuthal intensity scallllings were taken 
for specimel~s DFEW-C: and DFEW-F 
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I 3 Aziln~~tllal profiles of (010) diffraction 
~ I . I I I I I ,  a. \tlIIEW-A, I). DFEW-C and c. IIFEW-G, 
A = (:ompositr experi~nrntal profile, H = Com- 
positr calc11lated profile, C = Resolved ( 040) 
p l w f i l ~ . .  

witlrotit renlovillg the specimen from the 
testtire goniometer. Another 11 scaunings 
\x7ere ~ n a d e  on DFETV-F after renlounting 
the spcciine~i l)et\vee11 each scan. The re- 
stilts of statistical amalysis showed that the 
coefficient of  variation in the mean micro- 
filxil angle was about 7%, with no addi- 
tional variance cornpollelit due to remount- 
ing. Recognizing the fact that the total 
railtlonr error in mcasuri~~g tlrc intensity de- 

A f ~ a r ~  oalrre~ of ndcrofibril clnglc as 
by X-ray techniciz~e and by mc2rcrrry 

reflcctatice nzcthotl. 

Sample type1 X-ray technique Mercury reflectancc2 
(degree) (degree) 

DFEW-A 

DFEW-B 

DFEW-C 

DFElJ-D 

DFEW-E 

DFEN-F 

DFEW-C 

DFLIJ-A 

DFLIJ-B 

DFLlJ-C 

DFLW-D 

DFLW-E 

TWEW-A 

IIHEIJ-B 

WHEW-C 

WILEW-D 

D F  = Douglas-fir 
WH = Western Hemlock 
EW = Earlywood 
1.W = L a t e w o o d  

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

peilds upoil couilting statistics (the ra~ldoin 
distribution of X-rav cotmts taken re- 
peatedly at one point follows a Poissoi~ dis- 
tribution) and generator and X-ray tube 
stability, the above-noted coefficient of 
 ariati ti on would be expected. 

The meal1 values ofri~icrofibril anelc de- 
0 

termined 1)v the Inercurv reflrlctance 
method on tlie same specimen are sl~own 
in Table 1. 

Considering tlie difference iii physical 
principles employed by these two tech- 
niques, it seems apparent that, at  least for 
the materials examined. the two metllods 
are clircct estimates of the same p;~raineter. 
The X-ray technique outlined here does 
not require the use of a calibration curve, 
is averaged over a significant voltline of the 
specimen, is nondestructive, simple, :and 
fast. The complete data collection for one 
specirl~eil can be obtained in 30 luintltes 
with the apparatus employed. 

I t  should be indicated here that El- 
Hosseii~y and Page ( 1973) have recently 
reported that the determination of micro- 
fibril angle 1,y mercury reflectance ~nethocl 
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must be used with caution l)ecal~se of the 
error that might be induced 11y the bire- 
fringcncc of S1 and SR layers. The error is 
small ( <lo) for traclieids with thin S1 and 
Srl layers (<0.2, pin) and S2 layer in the 
range 1.3-3.4 pm. Fortunately, the trnclieids 
of nlost softwoods lie within this range. 

The steps required, in practice, for ob- 
taining tlie mean microfibril angle are sum- 
~narized here. First, using a texture gonioin- 
eter, am nzimlltlial sca~i~iing of the com- 
1x)sitc diffraction profile can bc. obtained. 
Srut,  the computer program call be used 
to  fit eclnation (25) to esperimt:ntal data, 
and tlic resolved (040) diffraction patterns 
call the11 1,e deduced. Finally, the mean 
tnicrofibril angle can he calculated 1)y c.clua- 
ti011 (89).  

SUI\IT\IARY AN11 COUCLUSIONS 

A direct X-ray technique to determine 
the mcan microfibril angle ill wood is out- 
lined. Tlre variation of azimuthal illtensity 
of thc resolved (040) diffraction peak was 
utilized to deterrniile the ineail microfibril 
angle ill some earlywoocl and latewood 
specimens of Douglas-fir and \vestern hem- 
lock. A n~etliod of ntumerical analysis is de- 
\,ised 11y which tlie (040) diffraction pat- 
team can bc resolved from the composite 
profile. The res~ilts of applying tlie numeri- 
cal analysis to 16 wood specimens of two 
coniferous spccics  i n d i c a t e d  that the analy-  
sis can be applied to Lvidely variable 
azi m~~t l ia l  profiles. 

The proposcd X-ray tecliniquc is a direct 
and accurate method for deterinining the 
nrean 1nicrofil)ril angle. The precision of 
the estimate proljably is limited by the 
ilature of co1111ting statistics and instrument 
stal~ility. 
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