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Part IT

ELASTIC AND THERMAL PROPERTIES OF TIMBER
I Cuap1ER—INTRODUCTORY
1  EarLy HiIsTORY OF THE STUDY ON TIMBER

A ON MECHANICAL AND STRUCTURAL PROPERTIES

Among naturally occuirg substances which can almost fiom
the native state, be applied for practical constructional purposes, wood
takes a promment place It 1s, therefore, nol smiprising that fiom
very early tumes, {umber has been employed for building houses and
boats and for making weapons of offence and defence With the
advent of civilization new and wider fields of application have been
opened up for this commodity It 18, however, stiange that untd
qute recently, all the {echmical and practical knowledge on ths
matenial has been the monopoly of carpenters and artisans and, as
such, has remamned quite empuical The creased application
of wood for stiuctural purposes cspecially of biudges, fast moving
rallway carriages and zioplane fusclage has iesulied in the accumula-
tion of a large amount of useful but uncoordmated nformation on
the bulk propeities of wood while the application to musical mstiu-
nients and objecls of artistic carving has exiended our knowledge of
its properties m small pieces A systemalic scienlific study of wood
1s of farrly recent ongin and even after such a study had been
starled, the practical builder, with peihaps a ceitain amount of
justification, looked askance at the scientific conclusions The real
difficulty 1 the scientific mnvestigation of wood lies in the fact
that there are innumeiable varieties of {imber and the wvaiiations
withn the same species ale agan mnumerable Further, being
a biological pioduct, subject to gieal vaiiations in structure and
characteristics due to variations m conditions of growth, it 18 difficult
to expect any uniformity of values c¢ven m specimens of the same
species It s, therefoie, not surprising to find thal the values obtamed
by laborious mvestigations, however good they mighli have been
with respect to the specumens studied, could not he relied upon
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to apply to other cases  Apparently difficulties and probably disappomnt-
ments encountered by praciicd budders on account of these causes
have been debited to the scentific achievement and led to the dis-
ciediting of scientihc intormation on the subject!

The pioper approach to a solution of this ditticulty would
appear to lie in studymg the physical propetties of wood m relation to
some easily determumable basic character ot the matenal, like, tor
nstance its mucro-structure, so that when any partiular pece of
timber 1s to be apphed for a specfic puipose, 1t will be only
necessary to determine thus latter basie character aad to deduce
therefiom other physical propertics  The micto-anatomical character
of wood will be the best basi. factor to tuke, smee tt1s known that
even small variations m conditions of growth register themselves
permanently by changes w the micio-stiucture  DBestdes the practical
utility such a systematic study would have a large tundamentad
interest m that it will help to elucidate the propeities of a highly
complex biological pioduct like wood on the basts of sunple tunda-
mental physical and chemucal laws

Almost all the investigations on timber carried out mn the last
century and the first two decades of this century have been the
work ot ceitamn tumber testing laboratorics and torest departments,
mn which the ultumate strength at breaking load has been studied
The results of such nvestigations had to he used by the practd
butlder with a large and qute variable factor ot safety depending
upon the nature of the work In most ot the euly work no
attempt has been made to find out the modulus of elastity of the
material and m later work whete the modulus 15 gren it 15 more 1n
the nature of a casual intormation maidentally obtamed in the course
of the investigation rather than the result of a caretul and systematie
study of that property® It was only after the chemical natuie of the
wood substance and the phystcal structure of timber had been studied
that a fundamental interest m the elastic properties of the matciid was
aroused The wmportance of elastic moduly, particularly of Young's
modulus, m the mvestigation ot the fundamental structure and con-
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stitution of complex substances was gradually being recognised ang
stressed®  Staudingei’s investigations on the constilution of polymers
of high molecular weight paved the way fo1 an explanation of mechan.
cal properties of natural and synthetic substances mn 1elation to cop-
stitution  The simullaneous X-1ay mvestigations ol complex o1 ganic
substances suppled the necessary additional mformation for the
calculation of mechanical propeities f1om the stiuctuial standpomnt
The first attempt to coirelate the physical properties of wood
to its micro-constitution was made by Nagelr* who studied the optical
double refraction and swellmg of wood in 1elation to 1its structuie ag
revealed undei the micioscope On the basis of his studies, he
proposed the mucellar thcory of wood siructuie, accordmg to which,
the cellwall of wood fibres 1s built of micelles o1 groups of crystallites
airanged 1 spiral form  He also arrived at cerlan specific conclu-
stons regarding the 1elalion between the duections of maximum and
mummum optical ansoliopy and swelling on the one hand and micel-
lar orientation on the other  Several workeis have followed up
Nageli's lead bul most of what has been subsequently done has been
physiological o1 morphological and not physical Though some of
Nagel’s conclusions have been subsequently shown {o be erroneous,
the micellar conception of ullimale stiucture has been accepted
m genetal  Pfefter® m his ‘ Pflanzen-physiwologie ' accepts the
micellar structure as the ullumate units of which orgamsed bodies
are formed just as molecules and aloms we the ullimale umts
of chemical structuite  He, however, tlunks that not all physical pro-
perties ate traceable to micellar strucluie Thus, for example, he
says that properties Iike anisotropic swelling and double 1efraction
mught be due to the axes of the mucelles being of different lengths m
difterent directions o1 of micelles being bound to one another with
different forces in different dueclions while he maimniains that the
great differences 1 1igidity and elasticity of different cell-walls are
mainly the result of theiwr specific molecular stiuclure  Robnson®
studying the permanent deformation of timber after failure under
mechanical strams, thinks that the mechanical pioperties of tumber
depend more upon the natuie of the cell-wall substance than upon



the arrangements of its paits  He considers the cell-wall to be (ssent-
tially a collord and thinks that dl the mechaneal properties of wood
can be deduced by treating wood as a collodal gel e conswlers
wood to be a supeiviscous flud whose viscosity i the course ot
growth has attaned a value cotrespondmg to that of a 1ynd gel Tha
formation and growth of such a gel are, actordmg to Robuson, m
conformuity with the principles of surface adsorpton and suiface
energy at the suiface of the pioto-plasm wheie fusl pectic sub-
stances and then cellulose go on accumulating and mereasig the
viscocity of the proto-plasm till the whole substance settles down mto
angid gel  He considers growth to tuke place not only by the
addition of fresh cells but also by the stictching of evsting cells, the
amstropy of the cell-wall bewng due to the permancut defoumnation
caused by the stretching durmg growth  The stiations m cell-walls
first obscived by Molhl' and correlated by Nageli with  axes ot
mucellar ontentation are considered by Robinson to be the planes of
shipping 1n the cell-wall substance produced by the mechanical tension
during growth

Thus for the fust fime since Nageli proposed his crystal-
lite micellu theory of cell-wall structuie m 1860, was a view
put foirtward i 1920 which suggested the nucellar conception to
be unnecessaty and mconsistent with the accepted views on the
stiucture and properties of colloidal gels  Robison's opposttion was
however short hved , for within the next few years Nagelt's ideas were
verified on almost what one mught consider direct visual evidence
Almost simultaneously with Robmson’s work was started a vigorous
mvestigation of wood stiuctute by X-1ay methods — Shortly after
Debye and Shearer developed their techmque ot X-ray study of pul-
verised material, Ambronn® suggested a search for the crvstallites
mn wood by the X-ray method and Ius suggestion has been followed
up by a large number of workers in the ficld  Among the more
mmportant mvestigations on wood should be mentioned those ot
Herzog®, Jancke, Polany1”, Rutter”, MawkY, Meyer®, Clak" and
Astbury”  Thesc myvestigators have obtamed more o1 less consistent
results regarding the existence and swe ot crystallites, the wiccdles
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composed of these ciystalites and the manner of arrangement of
these micelles”” The best and perhaps the most direct evidence of
the muceller conception 1s thal provided by the ultra-iicioscope with
the Spierer lens  Setfriz’® m collaboiation with Spierer has examined
cellulose with this arrangement and Thiessen® has extended tiyg
mvestigation to wood both mn the sound state and in vaious stages
of decay down to the condition of coal By thus method structural
details of the cell-wall have been photogiaphed which are i confoimity
with the micellar theory of the stiucture of cellulose 1 wood  More
1ecently cellulose films have been examined by election diftraction
methods by Nelta and Baccairedda® and the iesults confirm the
previous X-ray wmvestigations A study of the magnetic anisotropy
of wood has enabled Nilakanian™ lo eslablish the ciystalline character
of cellulose n wood Chattaway and others® have studied the
micro-anatomical characterislics of wood with a view {o coitelate
them with the natural order and classificalion of ddlcrent species

Cairinglon® has made a detailed study of the elastic moduli
of English and spruce has measmed, in defimtcly shaped specimens,
the values of the Young’s modulus, Poisson’s ratio and ngidity
modulus  Treatmg wood as an anisotiopic body with thiee mutually
perpendicular planes of symmetry 1 e, like a ciystal belongmg;y to the
thombic vaiiety, he has evaluated from lus experimental 1esults the
nme elastic constants characteristic of rhombic structuie Horig*
has utilised Cairington's results for a detailed investigation of the
elasticity of wood {1om the view point of Voigt’s theory of elasticity
of anisotiopic bodies and has also drawn the elastic suifaces both for
extension and torsion  Following up a suggestion of Houig, Schluter®
has measured the elastic constants of a few types of German timbers
cotresponding to the English spiuce, such varielies being the ones
most commonly used 1 the constiuction of the resonance chambers
of musical instruments

B  ON THERMAL PROPERTIES

The amount of study on the theimal propeities of wood has
been much smaller than that on its mechamcal propetties. Further
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there has beun trequent contradiction of the results of one obseryer
by the mvestigations of another Thus one observer mamntamed that
woud possessed o negative coeflicient of thermal capansion winbe
another gave for wood qute a large positive cocdhcent  In the
early imvestigations on the thermal propertics of wood, the 10l
of moiwsture m wood has not heen piroperly considered, with the re-
sult that varymg conclusions were obtamned by ditterent obseivers
since the speumens studied had evidently contaned varymg quanti-
ties of mossture

The fact that wood 15 a poor conductor of heat has been
known from verv early times and the piovision of wooden handles
for spits and soldering mons 15 a4 very anuent wustom The use
of wooden planks under the cetlmg of particularly tiled structues
to kecp oft the rigours of both sun and fiost as well as the covering
of the floor and walls m cold countries with wood panels 15 an
mmportant application of thus property of wood However, both on
account ot the cost of the material and the sk ot fire attending upon
its use, the practice 15 hmuted in its scope  An addilional impetus
to the large-scale application of this propetty of wood started with
the development of the cold storage mdustry and retrigerator ships
mtended tor the transport of cold-stored food-stutt had to be provided
with sone good non-conducting matertals  Indeed as much as fitteen
to twenty pet cent of the total tonnage of a retrigerator shup® consist of
thermal msulating material and this works out at the 1ate of about
30 Ibs of msulating material for every cubic oot of available cold
slorage space A systematic study of the theimal propetties of wood
and 1elated msulating materials with a view to duninish the quantity of
material per umt volume o} storage space and also to employ 1t i the
most efficient manner will theretore be of gieat practical mmportance

The earhest wortk on the thermal conductivity of wood was
that of Forbes” who studied this property m  the transverse
and longitudinal directions  The low value ot the conductivity made
the expermmental determination a matter of difficulty il the disc
artangement of Lees and Chotlton™ and ot Lees was miroduced Dy
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employing his method Lees® has measured the thetmal conductiviteg
of a laige number of poor conductors mcluding wood Eucken®,
usmg an appaiatus designed by himsclf made a wide study of
different non-metallic substances, crystallme, amoiphous and mixed
and came to the conclusion thal ciystalline substances showed 3
dimunition of conductivily with icreasmg temperatuie while {he
reveise was the case with amorphous substances Eucken was the
first to attempt a correlation between conductivity and other physical
chaiacterstics like molecular weight, number of atoms 1n the
molecule, meltmg pomt etc Barrall™ employmg an appaiatus de-
signed by himself determined the thetmal conductivity of several
non-metallic substances mcluding wood and concluded thal for non-
metals the geneial thermal conductivity mcreased with temperatue
and that the conduclivity of most woods incieased 1apidly with
femperatme Bairatl and Winte:® determined the thermal conducts-
vity of wood 1n very small pieces and have formulated a theory of
heat conduction for such cases Heiman" working with a number of
Ameitcan woods found that thermal conductivily diminishes with
density The Ameiican Forest Depariment has measuted the
thermal conductivily of a number of American timbeis In all the
available literature, however, theie 1s haidly any mformation 1egard-
ing the varalion of conductivity of wood with respect to duection and
even whete some information 1s available, as in the work of Foibes,
{hete 1s no indication as to whether the longiudinal conduction 1efers
to the radial or the tangential planc

Coming next to the theimal expansion of wood, one finds that
perhaps this 15 the properly that has recewved the least altention at the
hands of both scientists and cngmeeis and yet wood possesses
a thermal cxpansion along its fibie of mote than half the value
of mild steel and across its fibie a value neatly len tumes that
of steel The practical builder and the stiuctuial engmeer have
got to make detailed calculations of the eilccls of theimal expan-
sion of won i all practical structuies and machines and provide
proper allowances or airangcments agamst tiouble on account
of expansion with heat Still there 15 next to no allowance made
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for such eftects m the case of wonden stinctures  The chiel
1eason for this from the engineer’s pomt of view 1o the fict that o
large value of thermal expansion by atself 15 not of any serous
consequence {o 4 stiuctute unless it 15 assoctated with o large elastic
modulus and a <ood thermal conductivits  Wood 1v tar ntciion to
non n these two properties, <o that cven after hours of csposuie to
the hot sun mn the course of a day, only the suiface layers of wood
change temperature appreciably and on account of the low value
ot the Young's modulus of wood, the mechanical stiess called mtn
play by the suiface change of length 15 well covered by the usual
tactor of satety m structures In a transveise duection the verv
much gicaler expansion might mtroduce an approuable stress but
for the fact that n all wonds, the transverse clasticty 15 very much
smaller than the longitudmal one <o that the stress still 1emains
quite smuall

The first atlempt to measwe the theimal expansion of wood
was made by Struve™ who studicd the expansion of ook along the
longitudinal dinection  Villarr™ nest studied the thumal eapinsion
of a large numbcer of Ewopean timbers both aloig and across the
fibrcs  He was the tust to call attention to the very large misotiopy
of expansion, a value as high as 25 1 1 some ob lus specimens
Glatzel” usmg an appatatus designed by hunscdf measuied the
thermal capansion of several woods alony the hlbie duection md
mentions that the values obtamed by hum for the cypansion acioss
the fibie duection tor only two speumens came out to be very much
larger than the longitudinal values He, however, thought that it
might have been caused by the uncertun amount of monsture m his
specimens and was theretore inchined to leave it as an open question
Indeed he has not even given these cross-expansion values i his
paper The most recent work on this subject would appear to be
that done n the Forest Products Laboratory of America and quoted

m texi-books" on wood

The authot 15 not aware so tar of any work cotrclating structure
with the elastic o1 theimal properties of woud It was, therctore,



230

considered worth while to undeilake a syslematic study of thege
pioperties, following up the line of work pieviously done by the
author®® on the elastic piopeitties of another naturally occur1ing
substance viz , mother-of-peail

9  ScoPE AND MATERIALS OF PRESENT STUDY

In the piesent mvestigation an attempl has been made to study
the elastic propetlies, thermal espansion and theimal conductvity
of wood in relation to s structuiie Indian fuimbers were chosen
for the study not only on account of their easy availabilty
but also because they have not been studied so [a1 n mvestigations
of this kind Three vaueties of timber of high density, {wo of
medium density and one of low density weie chosen from among the
most commonly employed Indian timbeis  The maleials were
supplied to the author specially for this woik by the couitesy of the
Forest Department of the Government of Travancoie The specimens
were not subjected to any special seasoning process The trees after
bemng cut were allowed to lie m thc toresls fo1 about ten months
From near the top ends of these tiees but nol close to the branching
positions, tiansverse, 1achal and tangential sections weie cut out
and these sections, each aboul two mches mn thickness, were left
exposed to bright sunshme duiing the whole of Maich in Madras,
The sections exammed weie all matwe specimens of then kind
having developed a large proportion of heartwood except in the case
of the lLightest specimen which by nature {o1ms no heaitwood at all
The transverse sections were taken oul of full discs cut out of the
tree normal to the length of the trunk while for radial and tangentil
sections, planks sawed m the appropiiate dueclions of the same
trunk were used  The lmes of growth 1e, the fibre directions and
the annual rings were all very cleaily wvisible specially after just
smoothing up the surface by a few 1apid strokes of the plane The
test-pieces were all mairked out on the various sections in definite
duections with respect to the fibte duections, then cut off with a thin
saw and finally polished and fimished to exacl dimensions by being
rubbed on increasingly fine grades of sand-pape1
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In the case of the transierse section the tollowing pro-
cedure was adopted  Although theoretically o tree 15 wssumed to
giow by unttormly buillding round the pith or the asts m successive
growing seasons in 1egular annual 1mgs 1t s m practee found that
the giowth round the axis is not symmetireal all 1ound  This was
the case not only in the specimens studied but scems to be the
general case with the symmetiical growth as an occurrence of great
ratity  Out of more than a hundied tiunks of difterent kinds of
tumber found in a depot only onc mstance ot an apptoaumately  sym-
metrical giowth 1ound the aas was found  In general, the fiunks
ate mote or less cylndiical but the pith does not comude with
the aws of the cylinder A diameter of the section passing through the
pith 15 divided mto two uncqual segments by the position of the
pith It has been found that this drameter will serve as an aaws of
elastic symmetry for the section  Thus, P, m hg 11, p 2539 15 the
posttion of the pith and the diameter APB of the scction s an s ot
symmelry The shorter segment A of the awus of symmetry 15
chosen as the reference direction and test-pieces are wut ont at
definite mchnations to PA  The test-picces thus cut out were
employed tor the measurement of clastiaty and thermal expansion
For measuting the theimal conductivity, discs of about 10 ¢cm dia-
meter and thiee to four mm thickness were prepared scparately
from the difterent sections

A buiel descuption of the ditcient kinds of tumber  studied 15
given below  The suentific name s given fust tollowed by the
natural order mm biackets The local Indian names awe grven m
square brackets and the English name where known 1s given mmedi-
ately afterwards

I—'Ternmunalia Tomentosa’ (Combretace.e)

[Thembavu-Malayalam , Karumaruitu—Tamil] Indian Laurcl

This tree grows thioughout India mn deciduous forests from
the sea-level up to about 2000 tt upwards The timber 15 used

extensively for making country carts, tuinitwie and house-building
The bark 15 used m dyeing and tanning
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[I—'Terminaha Paniculata’ (Combietaceme)
[Maruthy-Malayalam , Ven Maruthy-Tamuil]

This tree also grows m deuduous forests from 0 to 2000 feet
above sea-level and 15 used exlenswvely ds a substitule for the more
costly teak  The tumber yields good planks for hwlding purposes

111—Azrtocarpus Hirsula’ (Uilicace)
[Anpli-Malayalam, Anplt or Ayani—-Tanul] Jungle Jack

This 18 a large tree growing wild m forcsls and also giown
extensively 1 private compounds The wood 1 easy o work,
fauly hight and has gol a beautiful golden colour which, unlike teak,,
does not become dark with age Bestdes extensive application for
building puiposes and furmituie, the wood 1s employed for making
match boxes and splints

IV—Dalbergia Latifolia’ (Leguminosze)

[Ett-Malayalam , Thothagatii-Tamil] Bombay Rosewood

Thus 15 a large tree growing on plams and hulls up to an altitude
of 4000 fcet above sea-level The timber s hatrd and heavy, dark-
brown o1 black 1 colour and takes a high degree of polish It s

valued very much for all kinds of ornamental caiving, furniture, gun-
carriages, tool-handles etc

V—Tectona Grandis ' (Verbenacee)
[Thekku—Malayalam , Tamul] Teak

This 1s a tree well-known even oulside India for its great use-
fulness and natural immunity agamst atlack by ternutes It grows lo
very laige stzes in deciduous foiests up Lo an altitude of 3500 feel and
the timber 1s used for almost all puiposes for which wood can be
employed

VI~ Bombax Malabaticum '~(Malvaecae)

[Elavu~Malayalam , llavu-Tamil] Cotton tree
This tiee giows both m deciduous and evergreen forests and

yields a timber which s very soft and light and casily altacked by
termules and boring beetles On account of its extreme hghtness



283

ftness, the wood 15 good for making matches and toys and
trunhs tied together serve as gnod fishing bhoats  The tice
, 1ts English name tiom the fact that it bears & trut which on
yields cotton This cotton though unfit tor spinnmg or weaving
1tvely used for quilts, pdlows and hospital dressings

HAPTER—EXPERIMENTAL METHODS AND RESULTS
1 Erdsizc Proveriirs or TIMBOR

The present investigation has been contimed to the measuie-
f the Young's modulus of wood ot difterent varieties m dit-
lnections with 1espect to the hines of growth i tumber  The
of oblunmg the ftost-pieces has already been described n
2 of Chapter 1
4 Preliminary HEoperomenf —It v a4 common engmecrmg
ion that the values of mechanical stiength deduced from ex-
nts on small specimens ate no proper gude for lage scale
¢ purposes and that tests, m order to be really usciul, should
lucled upon spuumens ob actual sizes employed 1 the con-
n  Each annual addition of wood to a tice 15 m the natuie of
w cylndiical tube ot wood-substance, shrunk on to the pre-
existing tree, mote after the design ot heavy cannon  This
yer of tiesh material in the course ot growth, hardens and
he wmner poition firmly  Such 4 structwie helps to produce
¢ uniform stress-distribution throughout the matertal and
7 mprove the mechamcal cihuency of the structme® It
etote, 1easonable that cutting through such & structure to
> a small test-piece 15 hable to mtertere with mechanical
h considerably  But Young's modulus 1s on quite a different
, 1n that it 15 a property ielated mote to molecular structure
aicroscopic or macro-molecular stiucture  Hence 1t 15 quite
y that Young's modulus will depend upon the size of the spea-
wsen, so long as the size 15 large compared to micellar dimen-

To clarify tlis pomt and obiain capernmental justification, if
e, for this contcntion, a teak-woud joist (8 ft x 6 x5 m)
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was chosen and its Young's modulus was determmed by a &
bending test  Afterwards oul of this joist, four smaller pieces (e
100%x 2x2 cm ) were cul out from different portions and the ela
modulus of these four test-preces was [ound out agamn by a bend
test Fiom each one of these four pieces, again, two smaller pie
(20%1x1 cm) weie prepared and the Young's modulus of each
these eight pieces was agan measured by a simlar method 1
results are given i the followmng Table T It will be noticed t1
the values of the Young’s modulus do not show any systematic var
ion with size and thal the varations are within the humils of expe
mental errors
TapLe 1

Young's Modulus and Svze

Large Size Medmuum Size Small Size
250%x 15 x7 cm 100x2 %2 cm 201 x1eom
164x10"
160 x 10"
158 %10
= 160x10"
88 161 x 104
=
8% 159 % 10"
2 L 169 10% 161 % 10"
=T
we 162x 10"
g & 163 % 10"
-
167 % 10"
157 % 10"
166x%x 10"

Mean 162x10" 161x10" 162 x 10"
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Tavig settled the prehmmary pont, the man cxperunent was
carticd out on the siv ditterent Linds ot tunber alieady chosen To
hesin with, out of cach vancty of tunber, preces were cut out of the
main block m the proper ducctions with dimenstons nearly fwune
those requuied for the finsshed test-piece aned these pieces were Ioft
meide an an-oven elecincally mamtained at 102°C 1o a pertod of not
less than 48 houts A shallow basm ot concentrated sulphure acud
was also hept nside the oven The speamens thus dried were left
i the open cupboard m the laboratory tor o weck so that they
reached what 1s called an an-diy condition by absorbmg a certamn
imount of mowstuie trom  the atmospheic The aw-dry condition
gves @ mote slable mechanical state than the oven-dry condition and
15 further nearer to the conditions obtaiming 1 the actual application
of wood Futher, cxpermmonts) conducted on such an diy speciniens
gave consistent 1esults even when measurements were made with
mtervals of two or thice wechs in between, while the valucs obtamed
with fresh oven-dry speennens were tluctuating with time i the
coursc of the day The au-diy specmens thus prepated weie after-
wards worked to exact dimensions required for the test by planing
and sand-paper polishing and the valuc of Young's modulus was
determimed by Koemg’s method ot double oplical lever with lnad at
the centre The average size of test-pieces was about 20x 1x1
sm

After measuring the elastic modulus, the over-all dimensions
of the pieces were measured and their masses also wete determined
Thereby the density of the various test-pieccs was detcrmmed

The tables 2 to 13 give the values of the Young's modulus and
density for the varions specimens studied

The figmes I to VI represent the cunves showing the variation
of Young’s modulus with direction m the three prinapal sections ol
the different tumbers  Polar co-ordinates have been chosen for
the representation with the X-ants as the reference axis The length
of the racius vector i any duection gries the value of the modulus
in that direction



Young's Mopurus OF ‘TiRMINALIA TOMENTOSA '

TaBLe Il

Valuwe vn the transver se direction

Young’s Modulu

Direction Densily gms /em * m dynes/cim ®

0 099 0215 x 10*

50° 098 0197 x 10™

60 0196 x 104

190° 095 0 148 x 104

150° 0.99 0 256 x 10"

180° 097 0095 x 104
TaBLe 111

Value wn the longiludinal derection

I1-Tangential

I-Radal
Direction
Denstty Modulus Density Modulus
0 103 0917 x 10" 109 1214 x 10"
30° 098 0323 x 10" 093 0333 x 10"
60° 0996 086 x 104 097 0186 x 10"
90° 0.99 0-135 x 10 100 0123 x 10"
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Youne's MoDULUS o1 “TrrvInALIA Panieur viy
TapLy IV

Value win the transverse diiection

i

Direction Density gms /um’ X::lmlj‘:li\j;gg]m

0 099 0 289 x 10"

30 099 0981 x 10%

60 098 0277 x 101

90 098 orTEx 101

120 097 0 246 x 104
150 098 i; 0253 x 10"
180 099 t 0230 % 10"

i e
TaBLE V

Value win the longitudinal duection

I-Radral [I-Tangential
Darection
Density Modulus Density Modulus
0 109 139 x10% 108 117 x1o%
30 . 0327 x 10" 0 365 x 101
60 0 245 x 10* . 0316 x 10"
90 0908 | 0191x10% 099 025kx 101
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YouNGg’S MopuLUS OF ‘ARTOCARPUS HiIrsutTa’
TaBLE VI

Value wn the bransverse diection

Direction Denstty m gms /cm ’ Yﬁfllfyixfcﬁlb

° 066 0183 x 10"

30° 062 0172 x 10"

60° 061 0174 % 10"

90° 067 0158 x 104

190° 069 0172 %104

150° - 0177 x 101

180° 061 0135 x 10*
TasLe VII

Value wn the longrtudinal duection

I-Radial 11-Tangential
Direction
Density Modulus Denstty Modulus
0° 061 0 967 x 10™ 0651 | 1098x10%
30° . 0290 x 10* - 0 346 x 10"
60° 0123 x 10" 062 0165 % 10"
90° 057 0093 x 10 057 0113 % 10"




Youade's MopurLus or ‘DALBrreia Latirorgy
TaBrLE VIII

Talue in the tiansierse dviection

Direction Density gms fem ® ; YOL"E&;:;E,‘:;&“}“ mn

0° 0 94 0251 x 10

30° 0227 x 10"

60° 0222 x LU

90° 092 0221 x 101

120° 088 0132x 101

150° 0166 x L0

180° 090 0206 x 10

TaBLE IX

Value wn the longitudinal durection

‘ I-Radual 1 II-Tangential
Direction
} Denstty Modulus ? Density } Modulus
L T
0° 090 1483 x 10" 092 5 1733 %104
30° 0670 x 10" 0 538 x 1
60° 0 387 x 10" 0 398 x 104
90° 088 0-194 x 10" 089 0 281 x 10"
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Young’s MobpuLus oF ‘TEcroNa GRANDIS'

Value wn the transverse dviectron

TaBLE X

Duection Density gms /cm ® Yog;’% :sl/\?:z
0 0384 0 204 x 1
30° 0181 x 1
60° 0 184 x 1(
90° 081 0186 x 1
120° 0189 x%x1(
150° 078 0176 % 1¢
130° 077 0121 x 10
TaBLE XI

Value wn the longitudenal durection

I-Radial I1I-Tangentia

Drirection
Density Modulus Density Modu
0 085 1.98 x10% 080 1550 %
30° 0331 x10% 0497 x
60° 0193 x 10* 0 266 x
90° 079 0 095 x 10" 073 0 144 x
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YouNG's MoObLULUS oF ‘Bomeax MALABARICUN

Value in the transverse derection

TaBLE XII

Young’s Modulus in

Direction Density gms /cm ® dy nes/em *

0° 041 0 0800 x 10*

30° 039 0077 x 10"
60° 037 0068 x 10"
90° 038 00699 x 10"
120° 039 00722 x 10"
150° 038 0068t x 10"
180° 032 00592 x 10

TapLe XIII

Value wn the longitudinal der ection

I-Radial 1I-Tangential
Direction —_
Density | Modulus Density Modulus
0° 065 1138 x10% 056 1045 x 10"
30° 054 0227 x10% 052 0242 x 10"
60° 049 0104 x 10" 050 00637 x 10"
90° 048 00594 x 10" 018 0 0569 x 10"
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2  TnerviL ConpucTiviiy ol TIVBER

In the present mmestigation the thermal conductivity of wood
has Leen measured in the transverse, 1acial longitudimal and tangen-
tial Jongitudinal duections for all the fimbers studied m the preceding
mvestigation  Also the vanation of thermal conductivity with
tempeiature has been measurcd both for transverse and longitudmal
seclions

The experimental artangement 1s that of Lees usmg a disc ot
the mateiial about 10 cm i dwumetar and § mum an thickness cut out
m the appropiuate direclion tiom the wond — The fHlat swtace was
tuined on a lathe and sand-paper polished to enswe good theimal
contact  The presence of mowstuie m the specimens was found to be
a source of uncertamtv and tiouble 1 the ospermment and so the
following method was employed  The specmiens to be stucdied on a
particular day were left overmght m an arr-oven electically mamntamed



at 102°C and the apparatus for measuting the conductivity
covered by a large botlomless wooden box from the top msic
which weie suspended two shallow beakers containing fused calc
chloride The box was made of ply-boatds for the sides with ¢
front and back  The top also was a boaid of plywood, with a I,
number, more than one hundied, of small holes each about 1 cm
diameter The box was about 3 ft long, 2ft wide and 3t high
already mentioned 1t had no bottom and it was resting upon a sl
of thick cloth spread on the table and nea: the bottom of each of
two plywood stdes was a hole aboul 1 inch in diameter  Each of
two holes was fitted with a tight-fitting thin walled glass tube, opes
both ends and about 1 ft 1n length supported hotizontally The g
tubes weie filled with a close packing of lumps of fused calcium c
ride  This arrangement ensuired that the air mside the box was
over-heated during an experiment extending over eight or ten hot
on account of the large numbe1 of ventilaling holes at the top
the same time the insuction through the two glass tubes at the bott
was secured dry on account of the air bemng drawn through |
calcium chloride m the tubes  The effect of this enclosed space «
not cause a rise of mote than three o1 four degrees in the tempe

tare of the air within with respect io the laboiatory temperatt
outside

After the specimen had been left for neatly fifteen houts mst
the au oven at 102°C, the curient to the oven was cut off and t
oven was allowed to cool There was, as usual, a good supply
fused calcium chloiide mside the oven  Six hours after the switcht
off of the cuirent, the specimen was taken out and quickly transferr:
to the apparatus mside the box The experiment was then proceed
with  The cooling part of the experiment was also conducted s
the box which helped {o ensuie the constancy of swiounding conc

tions and to eluminate the etfect of wind and the disturbance cause
by the expeiimenter

For measuring the temperature variation of theimal condu
tivity 1 wood, the same arangement and method were employe



215

ceept tor the tact that the steam chamber m the Lee's apparatus
as replaced with an clectie heater with o flat, smwooth, polished
per sutface of brass, the diamcter of which was the sanic as that of
¢ steam heater  The current supplied to the heater was regulatud

means of 4 suitable 1heostat and mdicated by a sensitive ammeter

rmanently mcluded in the circat By heepmg the curient at o
:ady value for a matter ot four hours, the heater 1eached o steads
nperatuie which was 1ecorded by means of a thermometer, mtro-
ced mto 1t just below the brass top A copper constantan theimo-
uple 1n conjunction with a sensifive nucro-galvanometer capable ot
tecting a temperature ditterence of less than half a degree
ntigrade betw een the two junctions was used with one junction on
. top swiface of the heater and the othet mtroduced mto the hole
:upted by the thermometer when the steady state had been reached
¢ galvanometer did not mndicate any noticeable detlection thereby
owing that the 1cading of the thermometer can be tahen as cqual
the temperature of the top surtace of the heater

The following table Nos 14 to 19 ginve the values of the
rmal conductivities of the vatwous woods 1 the three prinu-
directions as obtamed i the first experunent with the steam
ter  The values T, and T, iepresent the temperatures of the
y faces of the specumen wlile T represents the mean temperature
responding to which the value of the conductivity 15 given
= conductivity given m colummn 7 iepresents the value acioss
seclion ginen m column 1 Thus the value m the first row
tizontal line) 1epresents the conduchivity across the trans-
se section, 1¢, paiallel to the hbres The ~alue m the
ond row represents that m a doection normal to both the 1ay and
tibie wlule the value m the third 1ow represents the conductinaty
direction normal to the fibre but parallel to the rays

The table Nos. 20 to 235 gwve the results ot the temperature
ation of conductivity and the curves m hgures VII to IX 1epresent
results graplucally



TaBLr XIV

)

Thermal Conductvnly of * Terminalva Tomentosa’

Direction | Diameter | Thick- T T T Conducty
ac1 0SS n cm ness ! 2 cal cm -
Tiansverse 1075 [037 cm [98°0c|78°0c|88°0c| 626x1
Raduial " 033 ,, " 84 5c| 913c| 823
Tangential " 023 . 810c| 896c| 414 ,
TABLE XV
Thermal Conduchwity of ¢ Termunalia Pamculata’
Direction | Diameter | Thick- Conducti
T, T, T
ACT08S n om ness mcal cm
Transverse 1075 [039cm |98°0c|84°8¢c|91%°4c| 717x 1
Radial " 043 ,, " 77 5c|87 8c| 437 |
Tangential " 041 w |79 8c|88 7c| 475
TaBLe XVI

Thermal Conductumty of * Artocarpus Hursula'

Direction | Diameter | Thick- T T T Conductt
across 1n cm ness 1 2 i cal cm
Transverse 1076 1041 cm 198°0c|79°5c188°8¢c) H38x%x1
Radial ” 021 , |77°0c|87°5c| 2380
Tangential 032 ,, 74°0c|86°0c| 285 ,

”
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TaBLE XVII

Thermal Conductivity of ¢ Dalbergia Latifolia’

tton | Diameter | Thick- T T II T Conductinaty

ss in cm ness 1 2 I mecal cm sec

erse 1075 038 cm | 98°2¢c ! 88° 3cl 9()rJ el 692x10¢
" 029 , y |80°0c|89°3c| 502

1t1al ” 033 , wo | T90c | 885c | 4322

TapLE XVIII
Thermal Conductinty of * Tectona Grandes’

tion | Diameter | Thick- T T . l Condmtwltf,

S5 m um ness 1 - }m cal cm sco

erse 1075 041 cm | 98°5¢ 84° Jc { 91°ac! 7 HOx 10
, ., , |78°6¢|88°6c| 469

1l ; N b |79 1c|88 Sc| 48T,

TABLE XIX

Thermal Conductinity of ‘ Bombar Malabaricum’

fion | Diameter | Thick- T T
1SS n cm ness 1 K
rerse 1075 038 cm [ 99°00(75° 8L 1 R7°
prowo e 5 (
" " n  LTH dc | 87 3
1t1al " 03T cm | , |75 7c|87 4c

Conductivity
mcal cm sec,

3Tax1u?
S 67
371

»n

1
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TABLE XX

Thermal Conductinity—Varnation with Temp -Terminalva Tomen,

Du ection Limits of Temp | Mean Temp Cg&dtlcﬁv;tg
Along Fibre 46°7-68°3 57° 5c 000586
, 67 6-103 8 857 1000615
" 96 4-162 1 129 3 000631
. 119 7-209 7 164 2 000648
Across Fibie 492- 706 59 9 000296
1’ 68 1-108 0 88.1 000315
" 90 2-154 0 127 1 000317
Y 119.7-211 0 165 4 000337
TaBLE XXI
Thermal Conductwily-Varation with Temp —Terminalia
Paniculata

Duection Lumits of Temp | Mean Temp ng}duc(;tllv;?
Along Fibie 505~ 69 5 600 000687
’ 70 8-106 0 88 4 000705
y 101 2-161.8 1315 000726
" 128.5-220 3 174 4 000787

Across Fibie 45 3- 67 0 612 000514
” 61 6-105 0 833 0004438

” 89 0-162 5 1258 000488
” 1158218 5 167 2 000518
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Tapre XXIT

Therimal Cunductiaty=Variation with Temp ~4itoca pus Hiiuta

Duection | Limits of Temp | Mean Temp E Cs:;]dlr:ttl“:g "
| R ‘ — e =
Along Fibre 49 8~ 685 § 791 1 VIR
" 69 6-105 8 877 000531
" 98 5-160 0 129 3 000547
" 129 0-218 0 1735 uovI63
Across Iibie 49 5- 705 600 00025 ¢
. 67 8-1100 88 9 000229
, 99 8164 0 198 | | 0002551
’ 121 0-219 4 170 2 000247

TaBLe XXIII
Thermal Conductwity-Variation with Temp ~Dalber qia Latifolia

Conductivity n

Direction X Limits of Temp | Mean Temp amn ol sec
Along Fibre 46 0- 670 56 3 (00628
. 66 2-107 5 869 00VGS ¢
" 93 2-158 0 1256 000759
. 120 2-209 0 1616 000805
Across Fibic 325- 705 615 000496
. 75 0-110 2 | 92 6 00011
" 104 #1670 1 1357 000375
) 114 0-251 0 | 187 5 VULSY E




TaBLE XXIV

They mal Conductinty-Varation with Temp —Tectona Grang

Direction Limits of Temp | Mean Temp Cg;dlgl“’g
Along Fibie 46 8- 640 554 000674
; 68 4-102 0 85 2 000731

) 97 6-157 0 127 3 000741

" 121 0-201 5 1613 00075¢

Across Fibre 45 8- 665 61.2 00050¢
! 66 2-109 0 87 6 00048

! 90 1-161 0 125 6 000517

; 11 0-222.0 1700 000524

TaBLe XXV

Thermal Conductvvity-Variation with Temp —Bombax Malabar
Direction Limits of Temp | Mean Temp ngldlgfllv;t‘
Along Fibre 45 2~ 69.8 575 00032¢
" 62 2-1116 869 00037%

” 84 1-167 5 1258 00040¢

” 112 0~222 0 1670 00046¢

Across Fibie 470~ 730 600 000384
” 64 0-1135 88 8 00037¢

” 85 8~1700 127.9 -00036:

” 1118-224 0 | 1679 00040t
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3 TaERMAL EXPaNSiON or WooD

For measuring the thermal expansion of wood, an of
lever was employed to magnify the expansion  The mnro: stag
fig 10 was supported with s front leg resting on the top of
specimen and its 1ear legs resting on a horizontal metallic plat
clamped on to a tubular retorl stand P The specimen, m the
of a rectangular rod, about 20xX1x1 cm, was placed s
specially constructed heater  The heater consisted of a reclan;
copper tube C open at both ends on which was wound a um
layer of ‘monel’ 1esistance wire with a {hun leal of mica msulating
bare wire fiom the copper tube  The heating element was wra
up 1n a thick padding of asbesios paste
the whole aitangement was she.
round with a wooden tube T, which
ved to hold the healer clamped veits
The bottom end of the specimen v
was just projecting oul of the heater
resting upon the hollow base B o
1etort stand A curent of cold water
A led into B fiom wheie it flowed inlc

vertical pillar P and was led oft fior
top to the smmk  This curient of
r 7] Tl water helped 1o keep the 1est of

Fie 10 appaiatus al constant temperatuie
the heate:r was 1aised to diflerent temperatuies, so that the ch
of reading obtamned with the optical lever was due 1o the expansi
the specimen only A piece of asbestos board wilh a square ho
the centre for the specimen to pass through was placed on the ba
below the heater and served to pievent the cooling effect ol
current of water from reaching the heate:

A prelimmary experiment was conducted to sec how
it would be necessary to heat the specimen before 1t would ast
a uniform {empeiatuie throughout its bulk.  For tlus purpose a s
men of ¢ Bombax Malabaricum ’ which 1s known {o have the po
conductivity was piepaied out of a transverse section of the v

S an S 4son sraeDw o
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narrow hole of about 15 mm diameter was bured along the axis of
¢ spectmen down to the muddle of its length and a tmy drop of
ercury was put at the bottom of the hole  The speumen was then
aced nside the heater and one junction of a thermea-couple, made
vof two wires of SW G 40, of copper and constantan was introduccd
to the hole so as to keep the junction dippmg m the drop ot meroury
the bottom The thermo-couple was carried at the end of a long
mn rod of ‘Bombax Malabarkum' with the wies running straght
win through grooves on the side of the rod  The diumeter of the
d was very nearly equal to the diameter of the hole m the specimen
» that the rod pushed down nearly to the bottom of the hole served

restore conditions approximating to those of a sohid rod The
her junction of the thermo-couple was m contact with the copper
be of the heater arid the thermo-curient was 1cad oft on a sensitive
irror galvanometer which was swtably shunted n the early stages
the heating and which was sensitive enough to mndicate a citterence
less than 1°C between the two junctions when the shunt was
moved It was found thai, after the lapse of tour hours ot vontinu-
1s heating, the theimo-couple indicated an equalisation of tempera-
re to within about half a degree centigiade between the core and
¢ surface of the specimen In all subsequent evperiments, the
‘adings of the optical lever were taken twice after the lapse of four
ours, with an inteival of half an hour between the two 1eadings
he fact that the two readings were the same served further to show
1at the expansion had reached a steady value

Since 1t was intended to study the variation of thermal
pansion with temperature, the heater was previously cahibrated by
1ssing various known values of the heating current and noting the
1al steady temperatures attamed within the enclosure The tem-
arature 1nside the enclosure was read oft by means of a mercury
iermometer suspended nside with a plug of cotton-wool stutfed mto
ie mouth of the enclosure to prevent convection errors  The
sating current was registered by means of o millwmmeter with
maximum range of 500 mA kepl permanently connected m the
rcwt  Since the current it was that was adjusted to secure



different temperatures and values of the cuirenl had to agree
the dwvisions of the milltammeter scale, 1t was not possible to s
any previously specified temperatme nor strictly uniloim mterve
temperaturte  The temperatures resulting from swilable adjustn
of the cuirent had to be employed

In the course of the cxperiment, as cach specimen
introduced 1nto the healer and the experiment starled, almost y
ably there was contraction with rise of temperatmie which we
mcieasing till about 100°C It was suspecled thal this contia
was a spurious phenomenon apparenily due to the shrinkage ca
by the loss of moisture on heating  To lest out this pomnt
spceumen was lefl inside an air-oven previously for aboul six how
102°C and then quickly tiansfeired while hot inlo the cold appa,
and then allowed to cool mside the apparatus overmight, with
mouth of the apparatus tied down with a piece of filler-paper
next day the experiment was starled after removing the fillei-p
and putting the optical lever m position A 1mg of cotion
wrapped round the top end of the specimen which was just projec
out of the heater cut off convection effects It was then noticed
the specimen showed an expansion with heating fiom the start,
process was therefore adopted in all measurements and so the va
given cottespond to the perfectly dry condition

The maximum temperature up to which the measurement
carried out was about 200°C. since 1t was feared thal prolor
heating above this temperature nught affect the nature of w
Thiee specimens of each timbet were employed for the meas
ment  The first belonged to the longitudinal duection, the sec
to a transverse direction 1 a tangential plane (1e, from a flat s
board) and the thud to a transverse direction m a rachal plane (
from a quarter sawn board)

The following tables Nos 26 to 31 give the values of

thermal expansion of the different woods as measwied by the ab
method,
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TABLE XXVI

leenna? E7panszon of Tmmz;mha /umenl‘um

32 0°-90°C | 90~ l-h‘)“C 1.5559 N 1"0
n(/mziml Longitudinal
Sectfion
.allel to Fibre 180%10° | 204x10° 359 % 10"
toss Fibre 166010 | 88110 356 % 10°°

dial Longitudinal
Section

Across Fibre

1580 %10

TaBLE XXVII

Thermal I ypansion of ¢ l’wmumlza Panwul(chz

31 0°-90°C

ngential Longzz‘zalmal
Jection

-alle]l to Fibre
toss Fibie

dial Longitudinal
Section

ross Fibre

201x10°
18 30 x 10°®

17 20 % 107

90°-138°C

358 % 10°
73110

1 3.‘»0 201°C

499 % 10"
£ 77 x 1078

TABLE XXVIII

Thermal Erpansiwon of ‘An‘ucm_pus I{usuz’a

90-158°C

138°~ "01°C

33 0°-90°C
ngcné%?z?L&&ztudznal
Section
rallel to Fibre 215%x10°
ross Fibre 1570%x10°
deal Longitudinal
Sectrion
ross Fibre . ,l 1486 x 10 |

552x10°
5.08x107°



Thermal Baxpansion of * Dalber gia Latifolia’

400

TABLE XXIX

32 0°-90°C | 90°-138°C | 138°-30
Tangential Longitudnal | | T
Seciron
Parallel to Fibre 167%x10° | 297x10™® | 379x
Acioss Fibre 1337x10° | 701x10° | 365x%
Radwal Longitudinal
Sectron
Across Fibre 13 10x 10
TABLE XXX
Thermal Bxpansion of * Tectona Grandus’
33.0°-90°C | 90°-138°C | 138°-20
Tangentral Longitudinal
Sectron
Parallel to Fibre 1891 x10°] 812x10° 461x]
Across Fibre 20660x 107 702x10° 348x1

Radval Longrtudinal
Section

Across Fibre

19 320%x 10

TABLE XXXI

Thermal Expansion of ' Bombar Malabaricum’

28 0°-90°C

E’angentml Lonqutudwnal
Section

Parallel to Fibre
Acioss Fibte

Radwal Longitudinal
Section

Across Fibie

240x%10°
2710 x 10™

25 30 x 10

90°-1388°C | 138°-20
258x%x1
983%x10" | 388x1
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CuartEr UI—THE CONSTITUTION OF TIMBER
PHYSICAL AND CHEMICAL

The results of the mvestigations mto the elastic and thermal
operties of wood which have heen recorded 1n the previous chapter
we 1evealed the anisotropic character of wood m such a clear and
ymprehensive manner that it 1s no longer possible to consider the
1ectional variation of any property as a matter of fortwitous circum-
ances  Indeed the large and well-coordinated variation of property
ith direction 1n all the cases studied suggests a deep seated unifying
use as controlling and determining the degree and nature ot the
usotropy of wood It 1s ewident that a cause which can thus
uformly mfluence such fundamental properties Iike elasticty,
ermal expansion etc, should be wbimately associated with the
ture and constitution of wood and so, 11 o1der to be able to mterpret
e experimental 1esults obtamed, it would be necessary to draw
on both the physical and chemucal constitution of wood An attempt
s been made to elucidate the conshtution of timber and the results

such an mvestigations form the subject matter ot the present
apter

The physical constitution of timber has been studied both
am the microscopic powmnt of view and the X-ray powmt ot view while
chemical constitution has been studied with o view to determme
2 percentage composition of the major components ot wood

«

1  Micro-STRUCTURE oF WoOD
A TrecuNiQuF oF WouD SECIIONING

The subjecl of plant anatomy dealing with the nature and
rangement of the ultimate constituents of wood had a long and
ntroversial development durmg the I8th and 19th centuries and
1s only smce the begmmng of this century that the subject may

said to have seltled down to some defimte form recogmsed as
bstantially correct by vartous stheols ot butanists  According to
> commonly accepted conceptions, the architectme of alf timbeis
Jows a common plan wherem elongated tissues of various hinds arc
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bound together m almost paiallel bundles by forces paitly me
and parily physico-chemical ~ The most tmpor{ant among thes
ate the tiacheids, fibres, vessels and bast Of these the tr
are important from the pomnt of the giowih of the {ree w
fibre 1s umpottant fiom the pomnt of view of mechanical ¢
The fibies aie sumply the post-moitem state of the trachex
the latte1, due to lignificalion and thickening of the walls, had
their utility as transpoiteis of food mateiials of the plani T
dillers from the wood fib1es only morphologically m that the
found outside the cambium ot the aclive growing part of
wlile the fibres are within the cambiuum m what might st
called the stem or trunk of the tice, so that fiom the pomnt ot
the practical utility of timber as a building material, bast 1s
little significance  The vessels, also called pores, are long tu
quite thin walls, which aie found throughout ihe stem, whic
to transport waler and other fwds during the life of the i
which become places of mechanical weakness m the dead

Obviously the greater the size and number of these vessels tl
will be the mechanical stiength of the fimber

Thus [rom the pomnt of view of the present mvestiga
fibre 1s the most umpoitant tacior wlule the study of the
distribution of the vessels will mdicate then geneial eltec
conclusions diawn fiom the sludy of fibres Ewvidently ther
1> a matter of great importance to have a coirecd knowled:
siructure of the wood for an mterpretalion of 1ls physical p1
The methods of seclionmg {imber m order 1o study s
constitution have been developed by vailous woikers butl 1
methods, laborious and protiacted prelimmaiy t1eatment of t
m vartous liquids hike mitric acid, hydio-fluoric aud, alcohol,
canadabalsam or collodion 1s necessary followed by various
of staiming  Whatever mught be the chances of chemical ne
bemng allered by these processes of pie~ireatment, il 1s evt
m the case of wood, a material chatacleused by stiong
powers and gieat mosture absoiption with consequent large
i physical properties, 1t would be preterable o avoid such

)
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nary treatments Kisser® m Germany and Crowell” m America
almost simultaneously developed a method of scctionng without pre-
treatment, which consists 1 allowing hot water o1 wet steam to play
upon the speamen while 1t 15 bemng microtomed  This method though
quicker and less likely to cause large changes m the structure, 15 not
quite suited to the present mvestigation on account of the tact that
the specimen duning cutting 1s kept hot and wet, two conditions
which contribute to large plastic deformation in wood So after
various attempts, the followmg direct method of sectiomng was
employed and gave thoroughly satisfactory sections of all the woods
studied

[4
A i s
)
Fie 11
A 8 ) }J
/ P
[
»‘ 3 g 2 € < 7
I3 G K
Fic 13 b 14

The most tmportant factor for successful sectioning of tunber,
even of the hardest kind, without previous physical or chenucal
treatment 15 m getting specimens cut out m the proper manner
for mountng on the muciotome The illustration, fiy 11, shows
a {ransverse section of tumber and out of this transverse section,
a prece like ABCD 1s cul oft  In fact one of the test-preces employed
in the measwement ot Young's modulus m the transverse section
served very well for the purpose AB was about 3 cmn long while
BC was about 135 cm long The thikness BF, fig 13, at right
angles to AB and BC was about one cm  The position of ABCD
was so chosen that BC formed part of one of the annual rings of
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growth, so that a section patallel to BC and peipendicular to AB
would be tiuly a tangential longitudinal section A hne BE p-
chned at an angle of fiom 80° {o 60° with AB was marked on ABCD
and the right angled prism BCE was cut off with a fret-saw  The
harder the wood, the smaller was the angle ABE This wedge-
ended spectmen ABED was clamped i the specimen holder of a
microtome with the edge BF piojecting about half a cm from the
holder The specimen holder was so adjusted that the edge BF was
vertical while the edge AD was horizontal and in the plane of
movement of the microtome Thus the kmfe whose edge was set
parallel to the plane of motion of the instrument, took off truly
tangential longitudinal sections out of the specimen

For radial longitudinal sections, the prism BCE was mounted
n the holder with the edge BF vertical and the edge CE horizontal
and parallel to the edge of the cuting knile

For getting {ransverse sections, 4 rectangular parallelopiped
ABCDLGFM (fig 14) was chosen from a Jongitudmal section
with AB parallel to the fibre AB was about 3 cm 1 length whie
BC and BF weie each about I cm A lme BE al an inclination of 3(0°
or less with AB was matked and the pusm BCE was cut off  The
wedge-ended piece ABED was mounted on the microtome with BF
vertical and AD hotzontal and paiallel to the knife-edge so that tiuly
transverse sections weie cut oft by the razor

The microtome employed was a laige one of the Leilz-Wetzlar
pattern with a very hefty razoi and the aulomati, cross-feed was
adjustable for various thicknesses fiom 1 to 25u  Most of the
sections prepared for the present invesligation were about 5 to 6
n thickness  The first few sections bewmg too narrow were discarded
and the best oul of the subsequent hfty o1 sixty sections were chosen
No kind of lubricant or wetting was employed The sections, as
they fell from the 1azor, were collected mn a small watch glass and by
examiming with a low power pockel lens, a clean unbroken section
was transferred straight on to a shide and covered with two drops of
a thin 2% solubon of Canada balsam m xylol. The section, which
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times curled up duning the cutting, strawghtened out natur-
e application of the balsam solution and mmmedately  after-
cover shp was placed on the flat-specunen and firmh
gamst 1t s0 as to squeeze out the balsam solution to the
mimmum mnside  The shde was then lett on the outade of a
a temperature of about 40°C for about thice or tour days,
time 1t dned up qute well  In the case ot f Dalbeigia
and “Termmalia Tomentosa’ a few drops of absolute aleohol
o the section before the addition of the balsam solution
y dissolve away much of the colounng matter leaving the
lear and transparent

B  REesurLts anD CONCLUSIONS

woto-micrographs, Plates 1 to VI, of these sections were
ith 2 Winkel-Zeiss Petrological nucoscope Class VI M
ctures were taken with unpolarsed hght while tor some
larsed hight with Nicols set at vaiious angles of crossmg was
i to secure the largest amount of details 1n the photographs
ce of llummation was a glass-mercury lamp whose hight was
hrough a green filter The photographs were all taken on
ip1d panchromatic plates at two magmbeation ratios, the first
and the second about 120 The actual magntiication was
t by photographing on the same scale a standard Carl-Zciss
Fiom the negatives thus obtamed, the fibre dimensions
sured and the reduced values 1, the actual dimensions ot
are given m the following table It 15, olcourse, mpussible
any uniformity of size among the fibres so that the tiguies
the mean of at least thuty measurements for each  The
mensions of mdividual members mught vary with about
¢ mean value on either sule  Plates are photographs ot the
sbtamed

n examination of the Photo-miciographs teveals vary striking
slics of the structure of the vanous timbers Whale the
‘ Termmahia Tomentosa ', Termunalia Panculata’y, *Axto-
Jirsuta’ and ¢ Tectona Grandis’ are of the same order of
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TapLe XXXII

" 7 7 7 77 Length of | Shape and size | Thickness of
Name of Specimen Fibre of Fibie Fibie Wall
mm mm. mm
I Termmalia
Tomentosa .. 065 O 015 0008
11| Termmaha
Paniculata 055/ O 025 % 015 0-005
11T} Artocarpus Hirsuta 080/ 1040 % 030 0 007
IV | Dalbeigia Latifolia . | Twisted 0-20| Irregular 020 | 005 —0 008
V | Teclona Grandis ... 048 O 018 x 010 0095
VI | Bombax
Malabaricum . 05010 055 008

magnitude m length and cross-section and all of them lie with therr
entue lenglh m the same plane, theu distuibution and arlangement ate
diferent mn the different timbers In ‘ Termmalia Tomentosa,’ the
fibies 1un continually changing from side to side of the numerous
medullaiy rays that occur m great profusion m the timber with the
1esult that any one fibie 15 distinctly of a wavy form and associated
with at least half a dozen gioups of medullary 1ays  Consequently
planks of this timber taken out of a tangential longitucinal seclion will
be well adapted to resist splitting o1 cracking  This advantage 15 how-
ever off-set to some extent by the [act that the vessels aie large and
diffuscly distiibuted Iiberally throughout the section and each vessel
1s swiounded by a layer of sofl tissue  Fuither the {ransverse dia-
meter of the poies 1s quile often more than twice the distance between
adjacent medullaty ray-bundles so that thin planks in the tangental
plane are liable {o crack duc to failure al the vessels  Ii 15, theiefore,
necessaty to use fauly thick planks where duiabilily 1s a primary con-
sideration  This explams the unswitabibty* of this timber for 1ofaty
veneer cutting, though, on account of its datk colom and close gramn
with correspondmg capacity tor {aking a lugh degiee of polish, it can
be ultlised m veneer work 1f sawed or shiced.
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In ‘“Ternunalia Pamiculata’ the fbres wie long and i uabt il
distinctly clliphic m section  The medullary 1avs are of nweeula
shapes and swes and also arregulatly distuibuled  The vessids arc
large, numerous and diftuse and suirounded by sott tissue  On
account of the number, shape and distribution of the medullary rays,
quarter sawn planks are likely to present a botter appearance than flat
stwn ones and are also likely to polish better

‘Artocarpus Hirsuta’ has {he longest tibres ot all the timbers
studied 1n the present mnvestigation and the nibres are wavy i shape
and more or less rectangular i section  The fibres bend round
the medullary 1ays which are*not quite so numerons as m the previous
varteties The vessels are of mudmum sive, nregularly shaped and
arranged in rnings characteristic of ring-porous wood The long
fibres, the wavy medullary rays and the compatattvely small pores
facihitate easy working of the timber and also enable 1t to tahe o
high degree of polish  The comparatively scanty amount ot medullary
rays enables the wood to spht easily m tangential plancs and 1+ there-
fore widely applied 1 the manufacture of sphnts and match-boacs
It 1s also likely that the trunk will be suitable tor totary veneer cutting

‘Tectona Grandws' 1s also of the ring-porous type with rather
small vesscls whose diameters are often Iess than halt the distance
between the 1ays The fibres are long and strarght and ot lhptic
section of fanly unitorm siz¢ The medulluy rays are straght,
umform and 1 large layers m a dirccion parallel to the stem so
that quarter sawn planks present a very beauttul silver gramn
The wood 1s quite close-gramned and so takes a lugh polish  Structur-
ally it 15 admurably suiled for 1otary veneer cutting for plywood
making  Smce both the fibres and the rays are running almost dead
stiaight, the timber 15 ltable to split asunder casdly under mechimical
shock, a defect which should bhe guarded agamst espeually m the
design ot rallway carnages tor which the tunber 15 greatly employed

In ‘Dalbergia Latitolia' the structuie 15 distnctly  ditterent
from all the previous ovnes The fibres though long are spiral
shaped and stiongly mterlocked The medullary 1ys are
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small lens shaped clusteris extiemely numeious and ex
natly uniformly distibuled The wvessels aie thun and scar
occastonally conlain some 1esimous o1 crystalline material  Onp.
of the spual shape and stiong nterlocking of the fibres, {he
makes excellent turning material and 15 used for all kinds o
mental Carving It 1s next {o impossible o employ 1l for 10tary
culting but the sawed veneet 15 very often employed on accour
beautiful colowm of the polished wood It will make excelle
handles especially for the caipenters’ chisel since 1ils stiuc
specially suiled for shock-1esisting

‘ Bombax Malabaricum ' stands “m a class distinct f1.
1est  I{ has practically no fibres, strictly so called  The mec
strength 1s supplied by the wood paienchyma tissues, whi
developed a septate siructure for increased stiffness Eacl
has four compartments and 1s fusiform mn shape A tangentia
tudnal section piesents an extiaordinaitly beautiful app.
consisting of very regulaly arianged spindle shaped parer
lissues, each quadiu-septate and of an almost unvarymg s
shape The ralio of length to cioss-section of the tissues
much smaller wn this wood than i any other while the ¢
thickness 1s almost of the same order of magulude as i
timbers The medullary rays aie stiaighl and 1egular an
uniformly distributed The vessels ate scanty and of medu
where they occur  On account of its non-fibious natuie the «
very easy to work, espeually, on the lathe and 15 employed
making  Its lightness and easy workabilily make it part
suttable for making maiches and the comparalive scarciy
pores 1ender the matches free from the delecl of back-firing
ever on account of the veiy weak cell-walls and the large
cell-cavities the wood 1s specially mviting to boing msects
large open structute of lhe imber offering as 1t does plenty
space nside rendets the wood a good heat msulator and 1if a
preservative can be employed to keep oft borers, the wood wi
excellently for thermal insulation
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2. X-rAY S1unies oF TiMBLR

The nvestigation of the ultimale wdhitecture of matter 1s
capable of yielding very valuable mtormation on such structural
propertics as elasticity, tensile strength cte, which depend upon the
number, order and hnkmg of the various atoms and molecules that
make up the material  Such an mvestigation to be of mavimum
utility 1s best undeitaken i the case of simple substances where the
order and dispostlion of the atoms can be calculated from the nhser-
vations comparatively casily  Wood on the other hand 15 such a
complicalec mixture of ntrinsically complex «ubstances that o 15 a
matter of very great difficulty to interpret the results of such an
mvestigation It 15 why an X-ray mvestigation of wood did not
aclueve much piogress till after the techmcal iterpretation of X-1ay
pictures had been elucidated by a large amount of work on sumple
morganic crystals

Ambronn® m 1917 first suggested the examunation of wond by
means of X-rays for its crystalline constituents and lus suggestion has
been followed up by a number of workers  As alicads mentioned,
the most important woik m this connection 15 that of Meyer and Mark
who not only established the crystallme character ot cellulose m wood
but made quantitative measurements ot the unit cell and 1ts otentation
For obvious reasons, however, therr work was confined to European
timbers only A sumilar piece of fairly comprehensive structural
analysis of wood for Japanese timbers has been done both by the
X-ray and optical birefringence methods by Nagasawd™  The author
1s not aware of any X-ray studies of Indian timbers tdl Niakantan™
mvestigated teak wood al Bangalore m 1937 DBy a series of pre-
ireatments and successive chimmnations of ditterent constituents of
wood Nilakantan has made a valuable contitbution to ;w knnuwledge
of the stiuctuie of teak-wood  He has also been able to ostublish the
amorphous natute of Ritter’s lignin constituting the muddle Luniclla in
wood  Fait has made a study of the structure and constitution of plant
cell membranes mduding cotlon and wood hibies both by the X-ray
and optical methods after varous degrees of swelling and a brief
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reporl of his conclusions can be found m ‘Nature'® Re
the state of knowledge on cell-wall structuie 1 plants, Frey
g has critically examuned the conclusions drawn by X-ray
and swelling methods He has pomnted out the great possib
X-ray mvestigations of timber both on the quantitative and {h
tative sides  Even when quantitalive measuiements are not i
an X-1ay mvestigalion 1s capable of giving so much informatior
stiucture ol matler necessary for the elucidation of ifs physical
ties that m the present mnvestigation an X-ray study has been m
all the Indian tumbeis whose elastic and thermal properiic
already been studied

The timbers weie not given any pre-lrealments exc
extiaction with an alcohol-benzene muxture The specimen
all taken fiom the Summei-wood portions of the tangential sec
the vartous {tmbers, 1n the form of small pieces about a cm
and 2 mm o1 so 1 cross-section  These pieces were extiac
six to twelve hours with a mixtuie of alcohol and benzene The
then dried and exposed with theirr {angential seclions placed
to the madent X-rays Molybdenum K-1adialion was employe
tube bemng 1un at 12 mA and 45 kv The period of exposu
one hour and was found to be the most satisfactory one for k
down to a2 mimmum extcnt background scattering while, ho
bringing out the crystal scattering in sufhcient intensity  In th
of ‘Teclona Grandis’, in addition to the alcohol-benzene ex
specimen, a pictmie was also taken with a specimen taken ot
ptece which had been used in the thermal experiment and whic
remained at about 200°C o1 about ten hours, so that any chan
to the prolonged high tempeiature can be detected  The
dragrams of the vaiious woods are given in Plates VII & VIII

An X-ray diagiam of wood 1s capable of giving us
valuable information regarding the orientation of the ce
molecules in the fibies even though no measurements are m.
deduce the atomic spacing i the crystal laitice If the ce
molecules are all arranged paialle]l to the cham-axis a fibre p
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with definite spots 1s obtamed A regular wirangement m a spira
form round the fibre-axis produces a lengthening ot the spots n th
fibre pattern resulting in crescent shaped spots A 1andom orient
ation of the crystalhtes gives 115¢ to halos or rings m the pattein
Besides, the presence and quantity of amorphous muaterial m wooc
are revealed by the appeaiance and mtensity of general backgroun
tllumination 1 the picture

In the light of the above considerations 1t 15 now possible t
gather some mformation on the shiucture of the varwous tumber
studied  All the timbers have gven diagrams with unmistakable
spots and rmngs, thus revealing that the cellulose crystallites whil
followmng up a 1egular airangement to a great eafent are nc
peifectly well-orientated The relative brightness of the spots an
rings 15 a fair index of the proportion of well-orientated to randoml
dwstributed cellulose crystallites  From this point of view, ‘Dalbergi
Latifolia’ and ‘Tactona Grandis’ show very bught spots and ver
faint rings showing that a very large bulk of the cellulose 15 preser
m a well-onentated state  The spots m ‘Dalbergia Latifohia’ hav
got an angular width greater than those 1n any other tumber thu
mndicating a sprral anrangement of cellulose i thiy wond Th
spiral arrangement on a grosser scale 15 also tevealed by a phote
micrographic study of this wood In ‘Artocarpus Hirsuta’ ther
15 apparently a laige amount of disorientation of the crystallites, 4
evidenced by a large relative mtensity of the rings The angula
width of the spots given by ‘Termimalia Tomentosa’ 1s very smal
showmg that when the cellulose 15 arranged at all, it 15 arrange
perfectly parallel to the fibre-axis, while the presence of the rng
indicates the existence of a certam amount of randomly distribute
cellulose  ‘Bombax Malabaricum’ has given weak spots and a laig
number of umform rings on a diftuse backgiound This show
that a lage piopoition of the cellulose m this wood 15 randoml
distributed  The diftuse scattering given by this wood 15 mterestin
n that usually dituse scattering 15 due to amorphous matertal  Fiot
chemical analysts this wood 15 known to contun only a very small per
centage of lignmn, 1t 1s very lhkely that the diftuse scattermg
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due to the large hemu-cellulose content of this wooc
{hus appeat to be defimute evidence of the usually ace
natuie of hemi-cellulose In conclusion, a compar
Plate VII and fig 9 in Plale VIII mdicates no gieat
patterns It would thus seem to confum the conclu
cally established, thal prolonged heatmg al 200°C
any marked changes 1n the wood.,

3 Tur CuemicAL CONSTITIUIION OF T

Wood 1s an mlimate aggicgate of a laige nu
materials of widcly differenl composilion and p
common feature of almost all the constituents of w
1esistance offeied to the action of common chemic
the consequent difficulty of arrrving at any def
1egarding thewr natwe and proportion Also it ve
that several of the constituents have closely allied re
particular reagent so thal it 1s very difficult to s
constituents  On account of these difficulties much
on the chemucal constitution of wood was conc
percentage composition of hydiogen, oxygen, car
mn wood rather than with the nature and propoition
constituents of wood

Most of the pioneering work on the chemical
1s due to the French school headed by Payen, F
during the middle of the last century By the end
other schools of chemists in England, Germany and ¢
ed smmlar work Cross and Bevan', Willstater
Klason*, Schulze*, Dragendoif®® & Dore™ are ai
more imporiant wotkers connected with the Chemu
these, Cross and Bevan and Willstater and Zeclu
in studymg in great detail, methods of 1solatior
stiuctute of some of the major conshiiucnis of
making a complete analysis of all the constituents
other hand, Ruitter and Fleck® of the Forest Pi
made an extensive study of the total analysis of
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timbers according to a scheme of work started by Schorger while a
stmilal kind of complete analytical work has been done for European
timbers by Konig and Becker®™

As a result of such extensive work on the methods of chemical
analysis a certain amount of well-established systematic know ledge
on the constitution of timber has been obtamed There 1s still a
large amount of uncertainty, however, as to how the constituents are
actually assembled m the gross timber, whether they are chemucally
combined with one another or whether they are held up as adsorption
or mechanically assembled layers of one upon another The mamn
constituents of wood i order of abundance can be hroadly divided
mto three groups (1) the polysaccharide carbohydrates, (2) hgnin
and (3) a group of miscellaneous substances hke oils, fats, resms,
essential ous, pigments, tanmn, certaun alkaloids and morganie salts

The polysaccharide carbodhydrates which form nearly 65 to 70%
of the bulk of timber are the condensation products of two or more
molecules of hexose or pentose sugars with elimination ot water and
naturally yield the corresponding monosacchatides on hydrolysis by
suitable methods The most important of these polysagihanide car-
bohydrates in timber 15 cellulose which 1s the disaccharide of gluceose,
accounting for as much as 50% by weight of timber  The nextn
order of abundance 1s an ill-defined group of substances classiied
geneially as ‘ hemucelluloses”  These are the condensation products
ot hexose othet than glucose with a pentose  Thesc substances con-
tamm m addibion to the sugar groups an audic part usually of the
glucuromc and galacturome auds and ate theretore sometimes also
called poly-uromides  Pectic substances (mamly pectose), gums and
muctlages also come under this category though ther occurrence 1s
not geneial and even when piesent, therr proporton 1s very small

Lignmn which forms 25 to 50:. ot the wewght of most timbers 1s
chuiefly the mcrusting substance on the cell-wall of woody fibres Tt 1s
a very complex compound, lghly polymensced, whose formula has
been given difterently by dittercut worhers acvordmg to the methods
employed for its 1solation and analysts  Generally it 1 agrecd that
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hgnmn 1s & compound contaming unsaturated lnkages capable of com-
bining with halogens and sulphur dioxide o form addrive compounds
The Iignm which 1s present m all timbers to a gieater o1 a smaller
amount, 15 believed to be an adsoiption product on the cell-wall {o
some extent and a stiuclural member 1o some exicnt, mamntamning a
honey-comb like structme thioughout the wood

The thud class of substances present m wood usually do not
amount to more than aboul 5 to 10% of the total weight and a1e mainly
responsible for the characteristic smell, taste, and colour of timber

A detailed chemical analysis of timber 15 of very little interest
for puiposes of this present mvestigation which 15 concerned chiefly
with the elucidation of the mechanical and theimal propeities of
timber and for which a proximate knowledge of the proportion of the
major constituents of wood would be quite sullicient  An estimate,
howevei, of the major constitucnts of wood mvolves duectly or
mduectly 1emoval of the minor constituents and in the course of the
analysis 1t has been possible to obtain a iough estimate of theur
amounts also  The actual methods employed m the present mvesi:-
gation for the estimation of cellulose and lignin m wood have been
arnrved at as the most satislactory compiomise betlween the advan-
lages and disadvantages of the several methods usually available foi
the purpose  The methods fall mnto distinct stages of operation and
are designated by a, b, ¢, d and e n the following

(a) The wood was first of all 1educed to powder by sawing it
with a circular bench saw of about § mches diameter and 1unning at
about 200 R P M and all the saw dust mcludmmg the fine dust was
collected and sieved through o 60 mesh sieve  All thal passed
through the sieve, 1 e, the {raction designated as 60-sample by Cohen
and Mackney® was taken up for the analysis  This powder was kept
n an atr oven mantaned at 102° for a pertod of 18 hours and while
still 1n the oven, aboul 20 gms of it were transferied wnlo a previously
wetghed stoppered weighing bollle which was then placed open wmstde
a desiccator to cool  When quile ool, the bottle was well-stoppered,
laken out of the desiccator and waghed,  Thus a known quantity of
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a perfectly oven-dry sample was taken  This was nest extracted
with a mivture of alcohol and benzene in a4 Sonhlett apparatus fon ght
to twelve hours and mn the casc ot rosewoorl, the partod o ovtraction
was extended to twenty-four hours  The extiacted tesidue w.ds ¢ -
fully washed with alcohol into « Buchner tunncl fitted with .« thick,
close-gramned hlter-paper, washed with two o three changes of
alcohol and finally dried in the air oven tor about w how

(h) The «chy specimen was next complitely  tansfoired
mto a 400 cc conical flask and covered up with about 300 ¢
ot distilled water  The flask was fatted with o reflus wondensu
and the water was kept steadily boiing for about two hours  Aftei-
wards the substance was filtered out in « large tunnel with a tared
fluted filter paper under suction while the water was still hot
The residue in the tunnel was 1epeatedly washed with hot distilled
water till the filtiate running out of the funnel did not show any
turbidity The filter-paper with the substance was next allowed
to dry m the oven for about six hours and then weighed  The
loss of weight of the substance on 1ts origmal oven-diy weight repre-
sented the amount of resin, fat, oil, essential o1, pigments, tanmns,
gums and any hot-water soluble morganic salts piesent s the wood

(6) At this stage 1t was considered advisable to remove the
hemi-celluloses also, since, accordmg to Norman and Jenkms® the
presence of hemicellulose gives a spurious over-cstumate of the
lignin content durmg the subsequent hydiolysis of cellulose for the
estimation of hgnm Foi this purpuse the oven-dry sample obtamed
at the end of operation ‘b’ was extracted for two hours with 250 ¢ ¢
of 19 caustic potash solution with reflux condenser The residuc,
as before, was filtered under suction thiough a fluted tared hiter-
paper and washed with hot water twice o1 thiice and then with a very
weak solution of acetic acid and agan with hot water tdl the
filtrate was not grving any evidence of acidity  The filter-paper
with the tesidue was lett to dry m the am oven tor siv hours
and then weighed The loss of weight calculated on the orgmal
oven-diy sample gave the hemmeellulose content of wood
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(d) The sample as oblamed al the end of opeiation ‘¢
was lhe starting matenal for the estumation of cellulose and hignin
Cellulose was estimated by the acid hypochlonite and sulphute
method of Norman and Jenkins™ by starting with two lots of aboui 3
and 8 gms 1espectively m separalc appaialuses so thal one eapers-
ment acted as a check upon the other In the case of ‘Bombax
Malabaricum’ two chlormations were found cnough while for {he
other woods four {o five chlorinalions were necessaty  The cellulose
obtamned m all the cases was quite white 1n colow and after thoiough
washing with hot water was dized m the oven for six houts and then
weighed The percenlage was calculated on the ongimal oven-dry
sample

(¢) For the estimation of lignin also two simultaneous lois of
about 2 and 3 gms of the sample obtamned 1 ‘¢’ weie taken and the
lignin was estimated by the method of Ritter, Soborg and Mitchell”
with 72% sulphuric acid for two hours at 20°C followed by dilution
fo 3% and hydrolysis with a reflux condense: for about four {o five
hours The lignin left belind was washed fiee of acid for a long
time under suction m a Buchner funnel with a tared filter paper,
finally dried and weighed and the peicentage was calculated on the
original oven-dry sample

In the case of the last three timbers viz, ‘Dalbergia Lalifolia,’
‘Tectona Grandis’ and ‘Bombax Malabaricum’, the analysis by the
above methods was also conducted with specimens that had been
used 1n the thermal experiments and which had been maintaned for
prolonged periods at about 200°C to see if any change m composition
had been effected by the prolonged exposute to the high temperature
The results are given i the following table.

CoNCLUSION
Remembermg that the puipose of the analysis was only to
delermime the proximate percentage of the major consituenis of
wood and also the fact that all these methods of wood analysis do not
clam to give a betler accuracy than within aboul 29 no great sliess
can be laid upon the sum of the components not bemg cqual to 100%
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TabLy XXXIII
Chemical Compositivn of Woud

TRl R
{ I]—?gtlz ::'?t?:r Ex?é)r Ei?H Celluloscingmn
No| Name of Timber }Extrac£1ves ‘ nes} 3
} % % % %
1 | Terminalia Tomentosa 52 103 | 518 320
2 | Termunalia Paniculaia 61 117 f 541 270
3 | Artocaipus Hirsuta 50 98 f‘ 52.8 290
4 | Dalbergia Latifolia 37 81 | 192 36.0
" after heating 46 70 500 | 360
5 | Tectona Grandis . 44 | 112 522 | 320
” after heating 34 [ 96 534 1340
6 | Bombax Malabaricum. 15 142 738 70
y  after heating 14 101 720 60

The lignin conlent of ‘Bombax Malabaricum’ 15 extraordmarily small,
as low as 7% while its cellulose contenl 15 correspondingly extra-
ordmanly large making up nearly three-fourths of the wood Also
its hemi-cellulose content 1s greater than that of any other wood
In fact, the poly-saccharide carbohydrate part of this timber amounts
to 90% of its weight  Biochenusts have observed that decay m wood
1s started by a degradation of the hemi-celiulose by a fungus attack
which rapidly spreads on to the cellulose part and eventually to the
lignin part also  The large hemi-tellulose and cellulose content of
this wood 1s quite obviously the cause of its rapid attack by various
borers and 1its quick decay when exposed to specially mowst arr  The
trouble 15 aggravated by the additional urcumstances that lignin, which
15 considered to conter hardness and protection aganst decay in wood,
15 ptesent m this tmber to a very small perceatage onlv It would
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appeat thal a profilable method of preseiving this wood, w
quite valuable for ils thermal msulation properties, will be to
removing away the hemi-celluloses by an extiaction with
alkahs

The effect of prolonged heating on the chemical na
wood has aflected the amount of alcohol-benzene hot water ext:
due evidently to the loss of essential oils and some of th
volatile o1ls and easily fusible resmns while the cellulose anc
content 1s fanly unaffected The obseivations in the case of
Giandis' ate intetesting  Among the haid-woods, this wood «
the leasl amount of alcohol-benzenc extiactives but while ‘D,
Latifolia’ has lost neaily half of these extiactives ‘Teclona Gras
lost less a [ourth of it, due to heating fo1 a piolonged period a
This would indicate that the volatile essential o1l content of th
1s fauly small while the oils, which this wood 1s known to cont
preservative against leinute attack, are tauly non-volatile

In the case of ‘Bombax Malabaricum’, the citect of hea
affecled the hemi-cellulose content to some extent while the ot
stituents are fanly unaftected It should however be ponted
lotal afler heating 1s considerably short of 100% and 1t should
tioned that 1 the couise of the analysis of this wood after hea
in the hydiolysis of cellulose and the chloination of lignin, the
contamed small particles ot a gritly black substance, which v
probably catbon produced by a paitial caramelisation of this w
to heating Theie 1s 1eason, theiefore, to believe that this w
sufiered somewhal by the piolonged heating at 200" while th
woods had not suttered to any appreciable extent

IV Cuarier—PROPERTIES OF CELLULOSE AND L
1 CELLULOSE~—ITS STRUCTURE AND PROPLRTIES
Cellulose constitutes quute hall and sometimes even m

half the bulk of almost all timbets and 1s the chuef fiame-work

mn all of theny, giving them a [o1n1 and mechanical stiength
m mote o1 less a pure state in the seed-hairs of the cotton j
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the fibres m the stem of the v and hemp plants  About 907, by
weight ot the cotton seed-hair 1s puie cellulose while the hemp tibre
consists about 70% ot its weight of pure cellulose  The hnen prepated
from the flax stem 1s almost pwie cellulose  In the pute state it s o
buight white substance with a luge avidity tor water  Whie ib~orb-
mg moisture 1t swells up to some extent but 15 quite insolubl m wate
It 15 chemucally very mert and reswsts ordmnary organie solvents
Dilute alkalt even when hot has no action upon 1t but hot concentrated
solutions cause the fibres fo swell and if kept stretched during the
swelling, the fibres acquire a glossiness which v 1etamed even atter
the 1emoval ot the alkali  Such treatment of cotton, discovered by
Mercei, 15 technically very much employed m manutacturing what 1o
known as merceriscd cotton which has a silky appearance  Stiong
mine1al acids dissolve cellulose with pattial or complete hydrolysts
producing simpler substances down to glucose

The structure of cellulose has formed the subject of an exten-
swve series of mvestigations by chemual and X-ray mncthods,  Among
the moie unportant investigators on the chemical side should be
mentioned Staudinger®, Haworth”, Freudinberg und  Friedrich®,
Willstater and Zechmeister®, Hess”™ and others and on the X-ray
side should be mentioned the names of Mark, Meycr, Ritter, Astbury,
Clark, Sponsle1®, Sauter™ and others  Except tor Sauter all the other
mvestigators are agreed upon a common structute ot cellulose accord-
mg to which the unit of structure 15 the cellobise umt (C;H04)
tormed of two glucose residues jomed up by oxygen atoms and the
cellulose molecule 1s considered to be 4 Jong chaun ot these cellobiose
umts jomned up agam by oxygen atoms to cach other  The dificrence
between this view and that expressed by Sponsler and Sauter
concerns only the size and shape of the umt cell m  cellulose
According to these lwo mvestigators, the umt cell w cellulose s
orthorhombic contaming four molecules (1 ¢, celloblose umts) per cell
while the other opmion tavours o mono-chmic structure with two
molecules per cell In a note added to Sponsler’s Publicatin m
‘Nature ’, Bragg” shows how Sponsler’s ideas are not far diftercut
from the commonly accepted ones eacept m the numbar of modeeules
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per cell Regarding Saulet’s resulls, Meyer® considers thal Sauter's
ter prelation of lus cxperiments 1s not justihable

Taking therefore the more commonly accepled siructure of
cellulose, the following {otmula 1ep1esents a molecule of cellulose

OH
CH, OH OH
/o-__—\cn\ >cn——-cé\
~—O——CH Ol O CH CH-—0—

H

\CH~————-——CH/ \o ----—cn/
., oH Ol1 CII,
= 7
' on
< 1034 >

The calculation of the Young's Modulus of thus stiucture
parallel to the chamn-axis has been carried oul by Meyer and Lotmart*
on the basis of bond stiength denved fiom Raman Speclra and
shows very good agreement with experimental values

The author 1s not awaie of any deternunation of the Young's
Modulus of cellulose 1 a ducclion normal to the chan-axis  The
experimental determmation of this quantity will be rather difhcult and
mvolve large uncertainties, sice the best vaizely of the puie cellulose
available viz, that from cotton or flax consisis of fibies of exlernal
diameters seldom exceedng 002 of a mm and even at that the
fibres are hollow, theieby making the estimation of the stiess a matter
of great uncertamnty Any tiansveise siiess on the fibie 1s likely to
produce a deformation of the hollow space rather than the cellulose
material unless the fibie can be spht open and laid flat It 1
however, not a very difficult matter to make a computation of the
transverse modulus from stiuctuial constderations following the
method adopted by Meyer and Lolmar m their theoretical computa-
tion of the axial modulus

According fo X-1ay cevidence, cellulose fibies are bult up
of ciystalliles of cellulose arianged paiallel to each other, each
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aystallite of cellulose containng ¢ number of ccllulose Cham mole-
cules atranged parallel to cach other as shown 1 the diagranm, frg 15
The ring mn the glucose residuc 1s sensibly plane aeept tor the
oxygen atom in the ring which 1s outside the plane  The hydrogen
atoms and the hydroyy! groups we
also stiching out at definite angles
to the plane From X-ray c¢vidence
it 15 known that the distance
between two such parallel chans
in a direction perpendrular to the
plane of the ring 1s about 3 93, 50
that the distunce between the
(OH)'s at 1 and 2 from those at 17
and 2" will be of the ught order of
magnitude for a hydioxyl bond®,
1€, about 2 7 to 2 94 between the
two centres  Also the distance
between the atoms and groups at 5
and 4 from those at & and V'
will be favourable for a hydrogen
bond between a8 and §" and another
between I and t'  There will
be simular bonds m a directwm
parallel to the plane of the ung
between neighbourmg chams, but it 15 evident that considermy
n general, a glucose residue will contribute two hydrogen bonds and
two hydroxyl bonds between adjacent chamns  Since a hydrosyl bond
strength 15 not very difterent from a hydrogen bond strength®, one
might constder the transverse binding force between two adpaeent
cellulose chamns per glucose residue as equivalent to that of four
hydrogen bonds  Besides tlus, there will, of course, be the Van der
\/Vaal forces between the atoms m the two chans, smee the distance ot
39A between adjacent chains 1s smaller than the usually m.u:ptcd
range of Van der Waal forces, which 1s of the order of about 4 to 6. A
It 1s evident therefore that the cellulose chams are transversely hinked

"

Fic 16
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to one anothe:r by secondary bonds hoth of the dipole and the Va
Waal types and 1 a computation of the transverse modulus of

city of cellulose, these secondary honds should he considered as
11se to the elastic modulus

In computing the axial modulus of cellulose, Meyer and L
have assumed 1n their computations that, fo1 cacli glucose 1est
cellulose, theie are eight inear bonds and eight angular bonds
they assume that an angular deformation 1s 20% as sirong as a
deformation so that in terms of hnmear bonds the total binding
along the axial duection per glucose residue will cotirespo
(8+8)=96 lhnear bonds Ina smmiar manner, m the tian
dueclion, assunung both Iinear and angular detormations of the
gen and hydioxyl bonds likely, the equivalent number of hyc
bonds per glucosc 1esidue will be equal {o 4 +4=48

The binding foices of hydiogen and hydioxyl bonds aret
calculated most easily from obseivations on the Raman speci
compounds of like structmie with and without hydrogen bonds
culations made by vartous obscivers, though not agreemng rigou
all indicate that a hydrogen bond 1s very much weaker than a pi
valence bond It will be a fair mean ot all the hikely values fo
the literatuie on the subject to assume that a hydrogen bond 1s
one lenth as strong as a pumary valence bond  Theielote the
verse binding {orce belween two neighbouring glucose 1esidu
be of the oider of 4 8/10 o1 48 of a prumary valence bond

Theie 1s sl another {actor which should be taken info a
mn a consideration of the anisotiopy of cellulose  The 11ng struc
the cellulose molecule will contitbute a cerlam 1esistanc
tiansveise stiess and so s eftect should be considered
with that due {o the secondary bonds When a tiansveise
18 dapphed {o a cellulose fibre, its ettect will be to pro
Jaige sttamn in the hydiogen bond length and a smalle1 stian
ung structure, just as o force applied along two sptings cor
up wn series will produce a longer extension in the weaker
than in the stronge:r spring The actual exiension m any
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will of coutse be equal to the product ol the strun o that sprimg,
mto 1ts length  Consideing the hydiogen bonds between nuagh-
bouring cellulose chams as a weak spung connected m series to
a stronger spring represented by the valence honds m the ng
m cellulose, 1t 1s evident that, n order to obtun the cited of o
tiansverse stress on cellulose, 1t 15 necessary tooget moadea of
the relative stiengths of the <econdary binding between the Jams
and the primary valence bmdmg mside the nng, as well as the
relattve dimensions ot the hvdrogen hond length and the valone
bond lengths in the rings

In order to obtamn the latter quantity viz, the 1clative dimen-
sions of the hydrogen bond length to thu wvalence bond longth,
it will be necessary to find out the distance buetween the aves
of adjacent cellulose chains in a cellulose structure  The actual Longth
of a hydrogen bond 15 known to be about 235A s that the difte-
rence between the distance between the aves of adjacent cellulose
chans and 2 55A will be the length coriespondmg to the valence

bonds i the rmg  The actual spacial

TTOTT’:TTTT? model of cellulose 15 as shown n the
o«-—-—owo—o~—o~—-<'3 diagram, fig 16, consisting ot tour cello-
! o | o { o ‘ o l ) ! biose wmts per mml cell and it we unagime
Q —O——0——0——0—0 yych a umt cell to tepeat 1tselt mdetimueh
(L_f_o_f_c‘)i(l)_ilil i three dimenswons, we shall obtain tr
l ol o 1 o ‘ o ‘ ° ' actual cellulose structure m which eadh
O-— Q00— 0—0 tellulose chamn will be surrounded wni-
ke 1b

tormly by four others, at the curners of o
square, itself bemng at the centre as shown wm the hgure

Taking one such square and remembering that the cross-
seclional dimensions of a4 umit cell, according to Xeray cvidence, ate
8551§x79§, the distance obt,tween the axes of any two cellulose
chans will come out as J 8A

The relative strengths of the hydrogen bondmg hetween

adjacent chains and the valence bondmg m the rings can be ubtaned
m the tollowing manner It has alrcady been shown that the fou
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hydiogen bonds belween adjacent cellulose chams will be eqgnivalent
to 048 of a primary valence bond  Considermg the binding [orces i
aring, it 1s obvious that a transversc stress can produce no siramn m the
four valence bonds that are parallel to the cham-axis Hence the
four other valence bonds which are mchned {o the cham-axis will be
the only eftective bonds mn opposing the tiansverse stress  Also the
the deformation of the eighl valence angles widl coniribute to the
Jateral stiam and hence should be considered as opposing a transverse
stram  Hence the total resislance to a transveise stiess in a ring
will be equvalent to fow primaiy bonds and eight angular bonds
Assuming an angular bond to be 20% as strong as a piumary bond,
the total lateral strenglh of a ring will be equvalent to 4-+§=%°
primary bonds Hence the relative strengths of the ring and the
hydrogen bonds will be 1n the ratio of %* 0-48 or very nearly mn the
ratio of 12 1 The corresponding strams in the hydrogen bond
lengths and the 1ing-structute, will be mn the ratio of 12 1  The
relative dimensions of a hydrogen bond length and a 1ing-stiucture
being m the ratio of 2 5A to (58—235) or 3 3A°, any siramn ¢ 1 the
hydiogen bond length will produce a total transverse exiension equal
to (2 5e+%4 ¢) 1e, 277¢ The overall distance between adjacent
chains 1n the transveise duection bemng 5 8&, the overall stramn will
be %%e Thus the eftect of ring-structure on the hydrogen bonds
1s effectively to reduce the strammmn theratioof 1 21 Thus could be
regarded as an appaient icrease i the tiansverse bond strength of
the hydrogen bonds 1 the ratio of 21 1  Hence taking into account
the effect of the delormation of the ring also by a tiansverse siress, the
tiansverse strength of cellulose will be equivalent to 21x 048=101
pumary valence bonds The stiength of the cellulose chamn along
the cham-axis being equivalent to 96 primary bonds, the elastic
anisotropy of the cellulose molecule will be as 9 6 1 01 or very ncarly
as 95 10
The Young’s modulus of cellulose in any cellulose stiucture
will depend upon the degree of orientation of the cellulose molecules
Ranue cellulose possesses a high degiee of orientalion of molecules
while the cellulose 1n wood as revealed by the X-rays 1s nol quite so
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well orientated  The most probable value of the Young's Modulus ot
cellulose 1 wood along the axial direction would appear to be about
80% of 1ts value m ramie  In the case of ‘Bombax Malabaricum !,
the X-ray study reveals an orientation of cellulose which 15 at
best only half as good as that i the other woods so thai the
avial Young’s Modulus of cellulose mn this wood should be taken
to be only half that in the other woods  Accordingly, taking the
value of Young's Modulus of ramie as 50x10” dynes/um? as
measured experimentally by Meyer and Lotmar, the value of the
longitudinal modulus of cellulose m the hard woods can he taken
as 4 0 x 10" dynes/cm * while that in ‘ Bombax Malabaricum ’ will he
taken as 2 0 x 10" dynes/cm® Applying the amsotropy ratio of 95 1
as between the axial and transverse directions, the transverse
Young’s Modulus of hard woods will come out as 0 42 x 10" dynes/cm *
while 1n ‘Bombax Malabaricum’ its value will be 0 21 x 10" dynes/cm ?

2 LIGNIN AND ITS PROPER1IES

The next important major constituent of wood after cellulose
1s the mcrusting substance of the cell-wall viz, hgnin  Usually
it forms about 25 to 35% by weight of wood material  Untortunately,
however, the amount of exact knowledge on the chenucal o1 phystcal
properties of lignin 1s very httle though a large amount of analytical
wotk has been done on lignin to elucidate its chemical constitution
It 1s a compound of carbon, hydrogen and oxygen with more than 30
carbon atoms m the empirical molecule and the number of hvdiogen
atoms in the molecule are too many disproportionately i excess of
the oxygen atoms to entitle the substance to be classified as a carbo-
hydrate The actual molecule 1s supposed to be a high molecular
polymer with a molecular weight i the neighbourhood of 6000  So
far as its chemucal structure 1s concerned, there 1s uncertanty even
about the nature of its nuclei, whether they are atomatic or hydro-
atomatic or other complex type of rmg-stiucture By several re-
actions with alkalies, concentrated acids and halogens the presence of
hydroxyl, methoxyl, methylene and aldehydic or ketonic groups has
been definlely established
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Riler has made a detaled study of the hgnin content of
wood and has come to the general conclusion that Spring wood con.
tains moire hignin than Summer wood  The more mictesting contr-
hulion of Ritter {o our knowledge of higmin i wood, specially for
purposes ol the present study, 1 with regard to s distribution
i wood  According to Ritter™ the hgnin m wood 15 of two kinds
one forming parl of the cell-wall whose nature 1s amorphous and
which falls to powder durmg the hydrolysis of the cell-wall by
72% sulphuric acid The other kind of ligmin 1s structural and s
almost cxclusively the mam constiluent of the muddle lamella m
wood  This middle lamella lignin possesses a honeycomb-like stiuc-
ture, constituling a sort of open frame-work which 1s mterpenetiated
by the fibies He estumates thal about 25% of the total lignin 15
in the cell-wall while the rest makes up the middle lamella Asa
1esult of a large amount of woik on cellulose and lignin Freudenberg™
has elucidated the ielation of cellulose to lignin 1n wood  Accord-
ing to lum the lignin 1 wood, whether in the cell-wall o1 the nuddle
lamella, 1s entirely amoiphous He considers the Iignin m the middle
lamella to be peimeated with hemucellulose and to form with the
hemicellulose a homogeneous siructure which encloses the whole cellu-
lose net-work  Freudenbeig 1s defimtely of opiuuon that the bulk of
the cellulose 1 wood has no contact with lignm though he admits that
it 15 Just possible that the lignin might woik its way mlo the oute
layers of the fibrtes The lignin in wood 15 supposed to play the
same pait a5 whatl the conuete m remnforced conciele does

The amount of mfoimation available i the lterature on
the physical propeities of lignin 1s almost next to nothmg  Since,
however, for a proper understanding of the ellect of lignin on
cellulose 1 wood, 1t would be necessary to know something of the
physical properties of lignin, it was decided to study those necessary
properties of Iignin  For this puipose lLignin was obtammed by
ptecipitation tiom the lye solutions obtaned durmg the pulping
of wood 1in the paper industiy and another sample of very puie lignm
was made available to the author by the kindness of Mi Mani of
the General Chemustry Dept ol the Indian Insitute of Scence,
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lore  This lignin had been prepated fiom wond by an cle ctru
cal process developed by Mi Mant and ifs putity had becn
and established by various tests  Both vancties of hgnm
smployed m the study and gave comparable values  The lignm
uxed up with a small quantity of water to form a thik plastu
and the paste was pressed into the form ot 4 disc ot three
diameter and about an eighth of an mch 1 thickness m o
hydiaulic piess under a pressure of nearly 300 Ibs per sg
For pmpose of clashc measumiement and measurement ot
il expansion, the paste was pressed mnto the form of 4 1od of about
ches length and about a quarter of an mch in diameter under a
pressure in a spectal die Some dithculty was experienced at
>cause, though good specimens were produced by the piessing
ulds, 1t was found that the specimens cracked and wumbled
vder on diying This difficulty was got over by lcaving the
iens 1nside the moulds with the pressure shill on till they weie
Iry  The shape was then retamned permanently
The density ot lignin was measured with o prece ot the
ed rod as well as with the powder making use ot a density
and kerosene  The close agreement between the density ot
wder and of the moulded rod 1s evidence ot a compact stiucture
, been produced i the moulding operation
The Young's modulus was measured by employing the 1od of
m a single cantilever arrangement with an optical Iever to
re the deflection The thermal conductivity was mecasured at
nt temperatures with a Lee’s disc apparatus accordmg to the
] described n the section on the thermal conductivity of wood
riermal expansion was measured by artanging the rod ot hignin
an electric heater specially made tor this purpose and capabk
ng mamtained at difterent temperatures up to 200 C and
pansion was measuied by an optical lever arrangement de-
t which are given mn the sechion on the thermal expusion
yd  The 1esults of the varwus measurements are gnven bedow
y of powdel . == 16 gms, e

y of the piece ol rod, - 162 gims e ¢
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Range of {emperature .. 33-100°C  100-142°C 142-203°C
Coeff of Thermal Expan-

S10R 2056x10° 2267 x10° 2315x%x 107
Range of temperaturc . 64°6C 100°5C 145°5C
Coefl of Theimal Con-

ductivity (in cal gm 000190 000206 000181
sec units)
Young's Modulus o = 020x 10" dynes/cm®
CONCLUSION

The densdy of ligninis almost thc same as the density of
ccllulose which 1s given to be something between 1 58 and 1.63  The
fact that, wlile both the majo1 constituenis of wood amounting to
more than 80% of 1l possess a density as lugh as 15, wood itself
possesses a densily which hardly approaches 10 while it usually les
far below 1t, 1s ceitamnly due to the hollow structure of the wood
fibres The Young's Modulus of lignm 1s remaikably low compaied
1o that of cellulose but 1s of the same ordei of magnitude as that of
sitmilar cementing organic mafteirals like piotemns, conchyolin etc
The co-efficient of theirmal expansion shows & slow mciease with
temperature 1n conformity with the amoiphous natwe of the material
Iis absolule value al any lemperature 15 quite small bemng less than
thal of glass and simular amorphous substances Its theimal con-
duclivity 1s very poor as mught have been expected fiom 1its being an
important constituent of wood The variation of theimal conductivity
1s however wriegular and quite small It at first shighily mcieases with
lemperatuie as nughl be expected of an amoiphous substance but
after about 120° 1t begins to deciease again Neithe:r the imciease
in the early stages not the subsequent decrease 1s of any great
magnitude

V CuAPTER—INTERPRETATION OF RESULTS

In the present chapler an altempt 1s made to undersland the
experimentally obtained results recorded n the sccond chapter i the
light of the structure and constitution of tumber and the properties of
its major constitucnts rccorded i the two subsequent chapteis A
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isston based upon the combmed ettet of cellulose and lignin will
urly representative of the behaviour of wood smce m most cases
* two constituents make up nearly 90°, of wond material
her 1t 1s only these two componcnts that possess a detmite
nuity of structure with specific well-detined properties  All the

components in wood amounting to about 10, of its bulk are

phous amatermls of very dl-dehned properties und thewr effect wall
ute a neglgible factor

1 THE ELASTIC PROPERIIES OF WQOD

A proper estimate of the elastic propertics of wood should take
wccount all the components of wood However, the three major
ituents, viz, cellulose, lignin and hemi-celluloses make up newly
of wood and will therefore he the chict-factors deuding the
ic nature of the bulk material ~ Of these three, the role of hemi-
loses in mmfluencing the elastic modulus of wood wall be o very
r one for varous 1easons The Iittle miormation we possess
t the hemi-celluloses 15 enough to justity ow 1gnoring 1ts contri-
n to the elasticity of timber The hemi-celluloses me o heterogun-
mixtuie of a laige vartety of poly-saccharidle carhohydiates of an
phous constitulion  They posstss nerther o contmuty nor a
ture 1n the framework of wood but temain dispeised m the body
sod, mainly m ats ligneous portion  Indecd, so much of the total
celluloses 1 wood 1s tound dispersed m hgnin that o school of
nsls have advanced the theorv that hemucelluloses are the
wrsor of hignin, which, they say, 15 tormed by the condensation of
-celluloses  On top of these considerations 1s the tact that
celluloses usually do not 1epresent more than o tenth part of
| and being o} an amorphous nature with neitner form nor shape
ood, theu contitbution to the elastic stiength ut timber 15 not
7 to be of any considerable magnmtude  Henee m the tollowing
ission, the elastic modulus ot wood 1s considered m teims ot the
arties ot cellulose and lignin

Of the two mmportant constituents, cellulose will contithute
{o the elastic hehaviowr of wood than hgmn smee i constitutes
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more than half the bulk of wood and 1 addilion possesses a much
Jarger elastic modulus than ligmn with a pronounced anisotropy of
elasticity 'The effect of hignin will be to modify the pioperties of
cellulose since usually the amount of ligmmn 1s half o1 more than half
that of cellulose and besides, hgmn m wood posscsses a continuous
structure closely adhering to the cellulose fiame work and completely
smrounding 1t Itis mn fact acling hike the cementing matetial, con-
chyolin, 1 the case of molluscan shells studied ealier m this mvest-
gation

The cellulosc i wood occurs i the form of hollow fibres and
hence the gross structure of cellulose will itself intioduce an amsotropy
of elasticity 1n wood quite apart from the mherent anisotiopy of cellu-
lose  Thus the total anisotiopy of wood will be made up of two parts,
one, the structural anisotiopy due to the gioss stiucture of the cellulose
fibres and two, the mtrinsic anisotropy of the cellulose molecule itself,
Hence a complete estimale of the elasticity of wood will have to be
made 1n two slages (1) the stage in which the effect of the gross
stiucture of the fibres on the mherent anisotropy of cellulose 1s con-
sidered and (2) the stage n which the effect of the enveloping lignn on
the total amusotropy of wood 1s considered
1 Gross structure

(a) Comparison of duyfferent varetres of Evmber —From
the remarkable parallelism between the Young's Modulus and
density mn the various woods, one s almost tempted to conclude
immediately that the elasticity of wood 1s a direct function of s
density  Of couise, also, 1t stands to reason that for a given dimen-
ston, the greater the number of resisting umits, the greater will be the
force and energy necessary to produce a given elastic deformation and
consequently the greater will be the elastic modulus  This conclusion
holds fairly accuiately for specimens laken {rom different directions of
the same species of wood but directly a comparison belween spect-
mens of diffeient kinds of wood 15 made, 1t 15 found that the relation
breaks down Thus n the radial longitudinal section, the Young’s
Modulus of ‘ Teclona Giandis’ 15 {wice as lai ge as that of ‘ Teiminaha
Tomentosa’ while jn the same durection m the same section,
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the density of the former 1s only about 8%, that of {he latter  In the
tangential longitudmal section, ‘ Terminaha Pamculata’ has got a
density more than 309, greater than ‘Tectona Grandis’ but the
Young's Modulus of the former 1o shchtly less than that ot the latter
It 1s, therefore, evident that apart trom the amount of wood substance
present, the way m which the material 15 distubuted m the timber s
of great impoitance m deciding the elastic propeitics of wood — With
a density half that of ‘ Ternunalia Tomentosa’, * Bombax Malabart-
cum ’ mamtains an clastic modulus quite comp wable Lo and sometimes
even greater than that of the former ‘ Bombax Malabaricum’ has
evidently aclieved this by making a Iiberal use of the fact that for the
same amount of material, a hollow structure has o greater elastic
resistance than a solid structure  The thickness of ibre wall relative
to fibre diameter 15 smaller m ‘Bombax Malabaticum’ than m
‘ Terminalia Tomentosa’ Further temforcement has been secured
by the development of cioss membianes m ‘ Bombax Malabaricum’
within the fibie umt  Clark™ experumenting on the wood of the
English ash, ‘ Fraaimus Excelsior * inds that spcumens ot the same
specific gravity and sumtlar anatomucal structure difter bv as much as
30% 1n strength and comes to the conclusion therefiom that probably
the chemical and physical properties ot cellulose are 1esponsible for
this It 1s more likely that an explunation of Cluk’s observations 16
to be sought for in the ditterence m orientation of the mucelles or
crystallites of cellulose within the fibie of the difterent specinens
This difference 1n crystallite orientation withim the fibre will not make
any difference in the anatomical structure as revealed by the micros-
cope nor even 1 the specific gravity It will be revealed only by an
X-ray mvestigation ~ Such differences mn mucellar orientation of the
same species can be concery ably brought about by the difterent rates
of growth A slow growth, induced by lack ot seasonal rams or cut-
ting away ot the folage duwimg the growmg season of the year, 1s
favourable for better mucellar orientation since the production of new
cells will be slower and the stietchmg ot alicadv existing cells will
lake place to a greater extent A slow growth will thus produce a
timber mechanically stronget than o guick growth
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(b) Comparwson of dyfferent sections of the same specres —
The next mmportant fact that comes of an examination of the 1esults
s the variation of the relative elasticity between the tangential and
1adial sections as we pass from one species to another Thusn
¢ Tectona Grandis’ and ‘ Bombax Malabaricum ', the 1adial section 1s
more elaslic than the tangential section while in ‘ Termmalia Panicu-
late’ and ‘Artocarpus Hirsuta’, the two sections have almost the
same elasticity In ‘ Termunalia Tomentosa’ and ‘ Dalbergia Lati-
folila’ the langential section 1s more elastic than the radial section
A study of the longitudinal section as shown by photo-micrographs
suggests that the piopeities 1 a longiludmal duection are strongly
influenced by the nature and distribution of the medullary rays It s
well-known that rays are mechanically very much weaker than fibres
and obviously an abundance of rays in large patches should detract
considerably fiom the mechanical stiength The langential longitud-
nal sections of ‘Tectona Grandis’ and ‘Bombax Malabaricum’ show
that the hbres aic running almost stiaight and the 1ays are occuiing
in large patches and in gieat abundance Ewvidenlly, therefore, there
1s a comparative scaicity of fibres in the tangential plane as agamst
the radial plane with the coiresponding lower value of the modulus
in the tangential than m the 1adial plane  In ¢ Termmalia Paniculata’
and ‘ Aitocarpus Husuta’ the fibies are long and straight and the
rays are small, irregular and scanty with the 1esull that the radial and
tangential planes are aboul equally strong In ‘ Terminalia Tomen-
tosa’ and ‘ Dalbergia Latifolia’, on the other hand, the 1ays aie small,
numerous and uniformly distributed The fibres are wavy and
strongly mterlocked 1n the latter case  The wavy naturg of the fibres
m the tangential plane prevents, as it were, the rays from bemg
subjected to duect stiess while 1t 15 obvious that a radial section will
cut through a number of fibres and expose the 1ays to direct stress
Accordingly the tangential sections are mechanically stronger than
the radral sections

(c) Comparwson of dufferent durections of the same section —
Comung to a still more detailed examimation of the properties within
the same section, we find heic that we have the most impot tant
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chatacteristic of the mechamcal propeities ot wood — Whether we
consider the tangential or the radial section, the modulus along the
fibre axis 15 many times that across it Tlus ratio varwes for the same
section trom species to species and tor the same speuies, it varies d4s
between the tangential and 1adial sections Ity value depends upon
the thickness ot the fibre wall i relation to hbie diimetor, mereasmg
with dimumshing thickness of wall and vice versa  Thus m ‘Dalbergia
Latifoha  with very thick walls the 1atio 1s about 7 1 while m the thin
walled ‘ Bombax Malabaiicum’ the ratio 1s about 20 1

(d) Theoretical computation of the Young's modulus of a
cellulose fibre —The ratio of the Young's Modulus of wood m the
longitudinal duection to that  the transverse direction can be caleul it-
ed theoretically trom the known clastic propertics ot cellulose m the
two directions {ogether with the known mucioscopic stiuctuie of the
cellulose fibres in wood  The caleulations, ofcourse, myolve certan
approximations which aie mevitable in a problem ot this kind  The
most important of these approximations 15 the cunsideration of the
cellulose fibic as a cylmdiieal tube ot mternal radws ‘o’ and external
radws ‘b’ In the actual experimental determmation of the Young's
Modulus no account 1s {aken ot this hollow structuie, with the result
that any applied torce bemg supposed to be unitormly distributed over
the entire cross-section will give mise to o smaller value ot the stress-
distribution than what actually obtamns in the spuainien aned the modulus
calculated on tlus ignoring of the hollow stiucture will be less than the
real value of the modulus  The change of dimensions of hollow tubes
will give 118e to difterent stramns along the axial and radwal directions
even though the stresses m the different directions have the same
value and consequently the apparent elastic modulus of a hollow
structure along and actoss the axis of the hgure will have difterent
values even though the material mn the solid state should be elastially
1sotropic and 1 the case of an mtrmsically amsotropic substance hike
cellulose, the amsotiopy will be enhanced by the hollow stiuctine The
tollowing method enables usto compute the Young's Modulus ot o
hollow structure along the axial and radial dicctions m tens of the
Young’s Modulus of the matersal m the correspoudury duections
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(1) Longitudinal —Lel us consider & hollow lube ol micrnal
radius ‘e’ and external 1adws ‘b° subjecled to an axial siress F In
the absence of the knowledge ol the hollow stiuclute, the apparent
cross-section of the tube will be taken as #6* The axial stiess F will
be the etfect of a force »b*F acting along the axis  The 1eal value of
the cross-section being =(8*—a’), the effective stress will be the ratio of
the force to cross-section

b B
The effective stress= = &;F_ e Ay S

If the axial Young's Modulus of cellulose 1s g,
stress ey
modulus ~ ¢ (b*—a?)

This will be the 1eal stramn obseived in the experiment but the
stress supposed to be producing this stiam will be & Therefore, the
apparent value ¢, of the modulus will be the ratio of the apparent stress
to the obseirved stiain

strtamn along the axis=

_ F _ bz—az] y

el Rl R

(If the cross-section of the tube be square mstead of circular,

with mteinal and external sides of length ‘a’ and ‘D' 1espectively, the

actual cross-seclion will be greater 1 the ratio of 1 } but then ratio
2 b

will be unaffected so that still ¢, = [b gz“] xq )

() Transverse modulus —The radial stiain of a hollow tube
under radial stress gives rise {o cetlain complex effecls caused by
lateral contractions mn the 1adial section at right angles to the stiess
and hence Poisson’s 1atio will be involved mn the mechanics of the
problem

The radial displacement ‘@’ at a distance %’ fiom the axis of a
hollow cylndrical tube of inteinal and external 1adn ‘@’ and ‘0’ 1espec-
trvely under steady uniform pressuie P, on the side of radwus ‘a’ 18
gven by™

Z-Pa, bz ’
u:(‘z?fi az)q/[(1“°)7 +(1+<r)’7:] where o 1s the Posson's
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tatio ot the materral and ¢ the transverse Young's Modulus of
cellulose

In the case of a hollow fibie of celluluse anv stiess applied
tadially on the outside will produce o« 1acal mward displacement of
any poimnt m the cross-section and 1t 18 very unlihely that there will
be any stress on the mner surtace since the fibre 15 hollow contamng
only an  In such a case, calling P, the stress on the sutace of 1adus
‘0" and consequently nterchanging ‘@’ and ‘%' in the cypression tor ‘o’
we obtaimn the displacement ‘u’ al a distance %7 trom the axis as,

1P,
(@ =1 (_77

When » =0, 1e, at the outer edge ot the fibie,

U=

[(1 —o) +(1 +cr)%«2]

Py ﬁé_?‘_'Pl) (LZ
U= (a'z__bQ)‘q/[(l"‘T)b"{'(l"{'”)"b‘}

_ bR, [ 2
T bg)q,[(l bt (1 +¢)a}

The strain at the outer surtace along the rachus 15 equal to
v___ B — )b =]
. (ahbg)g,[(l )bt 4 (1+a)a

The apparent modulus q, m the radal ducction will be equal

stress PP

to stramn  u/b

_ _(@=b)g
= A0+ Fo)a

. a*— b
(el
In the above denvation we have assumed the cellulose fibie
to be long and open at the ends It however, we tieat 1t as a tube
cosed al both ends, the tesult will be shghtly diterent DBy the
application of the generalised Hooke's Jaw to @ smull approunately
tectangular clement ot the wall with radial sides, m the case ol a

=

or

=
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tube of 1adws %’ closed by hemuispherical or semt-ellipsordal ends with
a small thickness e of wall, ¢ being small compared {o %’ and
subjected {o a siress P, the change, #, in radius 1s given by™

Q—a Py
U = ———

7 2

TIED e

U D P’I
Radial stramn== - 7 5,

stiess P 2e ¢’

Modulus 9= gpam Tufr” @—o)r
q_ _2e .
¢ ~@—a) I

Thus the Young's modulus of a hollow cellulose fibie can
be theoretically calculated and the following table sets foith the
calculated values of the Young's modulus i terms of {he Young's
modulus of cellulose in the coiresponding directions for different
ratios of wall thickness to fibre diameter In the case of the
transverse modulus, the values have been obtaned by using both the

equations I and II and are entered 1 columns 4 and 5 ot the
table

TaBLe XXXIV

Ratio of Young's Young’s Modulus across

No |Wall-thickness to| Modulus Fibre
Fibre diameler |along Fibre

Equation I | Equation 11

1 1 4 0-75 ¢ 0-51 ¢’ 059 ¢
9 15 0-64 ¢ 041 ¢ 0:47 ¢’
3 16 055 ¢ 0-32 ¢' 0-40 ¢’

4 17 0.50 ¢ 030 ¢ 0-34 ¢’
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2  THE EFrFECTr oF LIGNIN UN I'HE GROSS-SIRUCIURL

OF CELLULOSE FIBRFs

For a proper estimate of the ettect ot hgnin on the clastiaty ot

ulose fibres, 1t would be necessary to have an 1dea ot the mode ot
ribution of lignin in wood  In tlus connection the work of Ritter

Freudenberg 1s of gieat unportance According to Ritter, the
in 1 wood 1s present m two forms, one toim existing as 4 disperse
se distributed in the cell wall m a putectly stiuctureless amot-
wus state while the other part forms a continuous structure consti-
ng the muddle lamella 1n wood Ritter however does not sas
thing as to whether the latter Iignin 1s also amor phous mirmsicaly
~udenberg while giving conclusions gencrally agrecms with Ratter,
mitely finds the middle Lamela hgmn to be entuely amorphous and
t the ligmn dispersed in the cell wall 15 contined o the prunary,
ondary and perhaps also to the tertiary layers of the cell wall but
t most of the cellulose crystallites n the cell wall have no contact
h Iignin Remembeing that the hgnin content m most wouds 15 1
whereabouts of 30%, 1t will be a tan estimate to wsume that 25%
the total weight of wood 1s present as ligmn m the muddle lamella
would thus come out that in most woods, the amount ob lhgnu,
slosing the cellulose 15 very nearly halt the weight ot the enclosed
lulose (25% 50%) Since the densty of cellulose 15 nearly the
ne as that of lignin the propoition by volume ot hgnin to cellulose
most woods will be as 1 2 (In the case of Bombax DMalabaricum
» ratio will be as 1 10)

Longwtudinal Elasticity —The longitudmal elashaty ot «
lulose fibre sheathed m hgnm“ (igmtied cellulose fibre) as it occurs
wood can be estimated as follows Taking any length of 4 hgnified
re, let the area of cioss-section of the cellulose portion be « and of
+ ignin portion be 8 Any extension longitudinally ot the fibre will
yduce equal extensions in the cellulose as well as the higmmn portions
t the stress distribution 1 the two portions will be difrerent It we
ume the longitudinal elastic modulus of cellulose 1 wood to be g
d the elastic modulus of hignin to be ¢, the stress,mn the two portions
Il be proportional to the elastic moduli  Let ‘e’ be the longitudimal
ain of the complete fibre
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Then, the stiess m the cellulose porlion = eq

and the sttess n the hgnm poition = ey

The foice on the respectve portions will be equal to the stresses
1 the portions mulliplied by theu cross-sectional areas

Hence, foice acting on the cellulose poition = eqa

and force acting on the lignin poition = e¢f

Total foice producing the longitudmal strain = ¢(aq--Bg)

This force will be applied on the cioss-section of the fibre and
so the apparent stress will be equal to the ratio of the total force to
the total area

Appaient resultant stiess 26_(—9(%—_:—,8%@

and smce the stramn 1s e, the appaient modulus will be equal to the
ratio of the resultant stress {o the tolal stian

_e(aq+89) aq+Bg
Resullant modulus= @tfe = a8

In the case where the volume of ignin 1s half that of cellulose, the
cross-section m any given length of fibre being pioportional to the
volumes will also bear the same 1atio to one another  Hence 1 such
cases,

Substituting 4 x 10" dynes/cm.* for q,

02x10" dynes/cm* for ¢ and «=28 we obtam tihe iesullant
longitudinal elastic modulus of cellulose
2x4402 82 _

=g="—g— = —3—~2- 73 x 10" dynes/cm.

In the case of Bombax, q=2 x 10" dynes/cm ? ¢ 1s the same as

before, while
_20.2_ 1 2
Q=57 =1 84 x 10" dynes/cm

Transverse elastrerty —The following consideirations help to
elucidate the fiansveise elastic modulus of a cellulose fibre sheathed
lignn  Any transverse stiess apphied to a fibie will be communicated
equally on the cellylose pottion as well as the ignin portion and as such,
the strain produced in the transveise direction m the two po1tions will

vary nversely as the elaslic modulus i the respeclive poitions  The



205

al transversc displacements produced m the two porlions wall how-
depend upon the actual thichness of te puttions  The thikness of
sellulose o1 the Iignin portion will depend on the tdative size of the
rnal to the external 1tadius of the fibie, smee tor a4 gnen amount

1atertal a greater diameter of fibre will 1educe the thickngss of tie
of material

Consider a cross-section of the
complete fibre of wood, wn whih
AB(=a) 1epresents the radms of
the hollow portion mside the tibre,

o' AC(=1) represents the outer radus
of the cellulose portion and AD
(=c) represents the outer radwas of
the hignin portion

Fic 17
The thickness of the cellulose portion=(b—a)
and thickness of the lignmn portion = (¢ —b)
Since the volume of cellulose 1s twice that ot hgnin,
(b —a?)=2n(c* — V%) 1

Let us consider an average fibte of wood m wiich the cell
| thickness 1s % of the fibre diameter as examned photo-micro-
shically on the cellulose fibres under crossed nicols, then
a)=% (2b) )

Hence b=3a

Substituting thus value of b m equation I, we obtun

¢=1 9a so that (b—a)=0 664 and (¢ —b)=10 24a

1f we now consider a thin strip BDD'E 1olated along the
1al direction and subjected to a radial stress S,

¥

Stiamn 1 the cellulose portion BC:; whete ¢ 1 the trans-

se modulus of cellulose

S
and stramn m the hgnm porfion= =

]
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Extension 1n the cellulose portion = Stramn x length

8 8

== x BC=—, (66a)
q q'
S S
and Extension 1n the lignin pol ton~——é CD:E( 24a)
Total radial extension= Sa[—- 422
66 24
Extension _ [ q +?]
Resultant radial stress= Tenglh 662 ¥ 94a
_ Stress _ 8
Resultant modulus =St~ §['66 - __2_1]
) Pt ek
g ¢

Substituting 042 x 10" dynes/cm * for the transveise modulus
of cellulose 1 wood and 020x 10" dynes/cm for the modulus of
ligmn, we obtamn for the {ransveise Young's modulus of higmfied
cellulose fibre the value g.=0 805 % 10" dynes/cm *

A sumdar calculation for fibres i which the wall thickness 1s
1/4 and 1/7 of the total fibre diameter gives respectively, the values
0315 x 10" and 0 295 x 10" dynes/cm * for the modulus

Corresponding values for ‘Bombax Malabaricum’ can be calcu-
lated by substituting for equation 1, the equation

7 (' —a*) =10x(c® — b?)

1 Combined effect of gross-structure and lhignin —We ate
now 1m a position to calculate the elastic modulus of wood along and
across the fibre directions by taking mnio consideration both the
stiuctural anisotropy and hgnin to modify the inirinsic amsotropy
of cellulose  The following table sets forth the calculated and observ-
ed values of the longitudinal and transverse modulus of elasticity

of the vanous timbers obtamned by an apphcation of the above
method
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Considering the wunavoidable uncertainties and necessar
approximalions mvolved 1 the calculations, the agrecement betwee;
the calculated and obseirved values should be considered good 1
general the observed values arc slightly smaller than the calculate,
valucs due evidently to impeifections of actual stiucture deviating fron
{he regulaity of an assumed geometric struclure  The case of th
longitudingl modulus of ‘Bombax Malabaricum’ 1s exceptional m th
sense that the observed value 1s sensibly greater than the calculate
value This 1s very likely due to the [act {hat this timber 1s th
only one of the timbeis exammed which has developed cioss
members mside a fibre  Such a development 1s conductve {o exira
strength and apparently the obseived value 1s 1 excess of th
calculated value since m the calculations, no account has bee:
taken of the effect of these cioss-members The 1eason why th
transveise modulus of ‘“Terminalia Pamculata’ 1s gieater than th
calculated value 1s 1ather obscure  The slight excess of the observe
transverse modulus over the calculaled value in the case of ‘Dalbergi
Latifohia’ 1s probably due to the effect along the tiansverse direction
of the contribution towards elasticity of the extremely numerous an
extraordinarily regulaily arranged medullary 1ays, characlerstic c
this wood

2 Theimal Conductivmity —The explanabion of the {heim:
conductivity of wood on any theoretical basis will be beset with cor
siderable difficulty Accoiding to modern conception™, metallic cor
duction 18 based upon the sone theory of the valence electrons i th
crystal lattice  In the case of the non-metals, however, the princip.
factor mvolved 1n the mechanism of theimal properties 15 the energ
stales of the nuclear vibiations rather than those ot the valence elec
trons, although the latter may serve to throw additional light on theim:
propeities” When heal 15 supplied to one part of 4 mateial th
nuclear vibiations there become stionger and stionger and aie pic
pagated through the material m the form of what arte commonl
known as the Debye sound waves Even {hough these waves trave
with the velocily of sound, their mean free-path 1s small  This 1s du
to two main causes In the first place, the waves aie scattered o
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account of a mutual interference due in the wnharmoncaty of the
clastic forces called mto plav during then motion and in the sccond
place, a scattering of the wave takes plact duc to locad fluctuations in
the structuie of the medwm In the case of a (rystalline medim
where a certamn atomic pattein repeats itsclt very regulaily, the
structmal fluctuations of the medm will be neghgibly small and
the tree-path of the waves will theretore be greater m a cryvstalline
medium than m an amorphous one  This mctcased value of the
{iee-path of the waves will gine an mucased thermal conductnty
m the materral  Thus a substance m the rystaline  state will
conduct heat much better than the same substance m the amorphous
state A remarkable cxample of this behaviowr 15 shown by quart/™
In the witicous state the thermal conductivily ot quaitz 15 119 % 10™
wlile that of crystal quartz 15 134x 107  Thus the process of
crystallisation has mcreased the conductivity nearly ten-told  This
conception 1s also borne out by the fact that the thermal conductivity
of ciystalline substances dimimshes with mcrcase ot tomperatuie
Evidently wilh mcrease of temperatuie the mcreased thermal agitation
of the atoms will setiously aftect the regularity ot the lattice with a
corresponding decrease 1 the free-path ot the Debve waves

Independant optical evidence for the propagation ot these
Debye waves m sohds has been obtamned by Raman and Veunhates-
waran™ from observations on the light scattermg n crystalline and
amorphous substances In the case of ajystallme medw, positive
evidence has been obtamned for the piesence ot the Debye waves and
thewr propagation with the velocity of sound, while very caretul
observations with amorphous substances have not yielded any sumlar
results

Tt 15 therefore reasonable to expect that a well-ordered structure
as that i a crystal will conduce to a better thermal conductingty
Generally m the case ot orgamic compounds 1t 15 tound that ciy stallisa-
tion mcieases conductivity considerably though to a smualler degree
than i morganic compounds Thus 3-Naphthalene salicyltd™
gomg from the amotphous to the crvstallme state conducts eal twiee
as well
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Furlher, 1t 1s reasonable to expect that in a stiucture
different binding stiengths n different duections, the thermal
ductivity will show a coiresponding anisotiopy being gicater alon
direction of stronger binding It 15 known that i the ca
graplute,® the conductivity 1n the plane of the layers 18 fowr tir
great as that acros the layets In asbestos, the conductivity alor
fibies 15 twice whal 1t 18 across the fibies In the case of wood
known that the binding forces in the direction of the hbres 1s
stronger than mn the transverse direclion and consequently the the
conductivity should also show a marked anisoliopy, bemng greaf
the longitudinal duection than in the transverse direclion Inde
would appear lrom the experimental 1esults that the actual aniso
1s less than what could be expecled theorelically The low val
the anisotropy of thermal conductivity observed in the experimen
ptobably be understood from the following considerations.
mechanism  of theimal conductivity 15 a complex one 1nvol
as 1t does, for any one direction, the behaviour of three sets of D
waves, one longitudinal and the two others transverse  The long
nal waves will involve the Young’s Modulus of the maleral ir
corresponding direction while the transverse waves will mvolve th
torsional moduli mn the two mutually perpendicular directions 1
transverse plane Thus the anisotropy of thermal conductivity
not stand 1 any simple relation to that of Young’s Modulus bul
be considerably modified by the torsional moduli of the materiz
which, however, we have no knowledge at present

Perhaps the moie important factor which contributes to
low value of the amisotiopy of conductivity 1n wood 1s the comt
effect of the stiuclure of the fibres and the properties of the I
enclosing them As 1s well-known, the fibres 1 wood are hc
tubes of cellulose enclosed m a lignin sheath  Considering
average fibre in which the cell wall thickness 15 one-fifth of the
diameter, as already shown 1 the section on elasticity (refer |
295), the relative areas of cross-section of the hollow space,
cellulose portion and the lignin portion will be as 9 16 8§, so thal
hollow space and the lignin together make up moie than the cellu



301

tion of the cross-section In the longitudinal transmission »f heat

contrtbution due to the hollow portion will be quite nezhigible,
"e the conductivity of the air present in tlus space ts very low
¢ ligmn poition can ofcourse condnet some heat but its concic-
ty 1s very small Consequently, the cffective conduction of heat
18 the longitudmal duection will he teduced to nearls halt 1t.
ue mn cellulose due to the combined effect ot the hollow space and
hgnin sheath

In a transverse duectinn, however, the effective conductivity
ellulose will not be affected very much The natural conductivity
cellulose normal to the cham-axis will itself be low on account of
weak secondary honds mn this ducction  Also, the hollow space
n 1f 1t could not conduct heat to any appreciable extent, will open
the possibility of heat radiation across the cmpty space from one
| of the fibre to the opposite one and to this may be added also
contribution to heat transfer by convection m the intcivening
ce The radiation and convection added on to the small conduc-
ty of the air i the hollow space may together make up the heat
1sfer across this space comparable to the conductivity of higmn and
)y quite possibly to the tiensverse conductivity of celluluse

Thus the resultant ettect of structure and hgnm on  the
ductivily of cellulose mn wood will be to considerably dimunsh
longitudinal conductivity while leaving the tiansverse one pract-
y unattected, so that the anwotropy of conductvity will be
sibly reduced

Theory apart, an examumation of the experimental results
1gs out certain facts prommently  As « general rule, the conducti-
r mcreases with density  The conductivity along the hbie of
rminalia Tomentosa’ 1s nearly twice that of ‘Bombax Malabaricum
[ a comparson of the densities of the two woods shows that the
sty ratio 1s also two  Where there 15 a deviation from this
leral rule, photomictographv of the section appears to otfer an
lanation Thus we find that the conductivity of “Termmalia
nentosa’ 1s only 6 2 x 107 while *Tectona Grandss' with a distmtly
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smaller density has a conductivity of 74 X 10*  The fibres of
the former wood are distinctly wavy i characler frequently nter-
posed by numerous patches of medullary rays. The medullary
rays are usually very much lighter tissues with large hollow spaces
and would contribute very litle to conductivity especially n a
direction at right angles to then length ‘Teclona Grandis’ on the
other hand has almost quite straight fibres running parallel mn big
patches Thus what 1s lost in density 1s more than countei-balanced
by a well-ordered structute

Even more remarkable than thus variation with density is
the variation of thermal conductivity with direction in wood The
conductivity 1 the direction of the fibre 18 a maximum whie
as a general rule the conductivity acioss a tangential seclion 1s about
two-thirds of it and that acioss a radial section 1s only about
half of it If 1t 1s remembered that while flowing acioss a tangential
scction the heat 1s being tianspoited across the fibres but along the
rays while 1n flowing across a 1adial seclion 1t 1s being transported
across both the tays and the fibres, it 1s casy to see that the
latter conductivity should be smaller than the former The ex-
ception mn the case of ‘Dalbergia Lalifolia’ 1 which the con-
ductivity across the radial plane 1s greater than thal across the
tangential plane 1s apparently due to the fact that the fibres are stiongly
interlocked and twisted, so that a fibre, instead of running every
where longitudinally, will frequently be cutling mnto the transverse
direction with 1ts length now acioss a radial plane and now acioss a
tangential plane  The higher conductivity along the fibie will there-
fore contribute to the transverse conduclvity and if the shape of the
twisted fibre 1s a helix, as 15 well-known, with an elliptic section whose
major axis 1s normal to the radial plane, the conductivity across the
radial planc will be grealer Furthet 1t 15 seen fiom the photo-
nucrographs that the rays arc not at all stiaight but ate very much
distorted on account of the large twisting and mte1locking of the fibies
with the result that the transpoit of heat along the rays which will
contribute to the conductivity acioss a tangential plane 15 very much
impeded. It 1s very significant that m ‘Bombax Malabaricum’
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ch no real fibre formation 1s cvident and m which mechanical
ies are thin-walled and provided with & Luge number of cross-
nbers, the conductivity 1s tauly the same m ol duections  Even
us case, the Ittle diftcrence there 1s between the radial and the
ential directions 1s 1n conformuty with the weneral belus inur of
-twisted fibres  The very low thecimal conductinity ot this last
tles combined with the fact that it 15 vary heht, avalable m really
r large sizes and 15, unlike the more costly coik, capable of
\g easilly woiked by hand or on the lathe at very lugh
ds opens up a large possibihity for this wood m thermal msulation
istries

While there 1s no much uncertuntv and vagueness about the
:al mechanism of thermal conductivity 1 wood 1t 15 hardly possible
'xpect that the temperatuie vaiation ot conductivity could he
tfained on any sumple giounds The results i gencial, almost
atitatively, confum the observations ot Danratl about the mcrease
onductivity of wood with rise of tempetatuwre  This however has
1 observed to be the case only with respect to the axial eonductivity
e the transverse conductivity dummshes usually with 11sc of fem-
tture up to a pomt and then begins to mcicase  Taking the results
sngitudinal conductivity in conjunction with Eucken's observations
he variation ot conductivity of non-metallic caystalline and amor-
15 substances, one 1s hikely to conclude that wood m bulk behaves
an amorphous substance , but then 1t will be hard {o 1cconaile this
zlusion with dimmution of conductivity with increasmg temperature,
sast up to a lLimut, m the transverse duection  The very marked
otropy of elasticity and thermal expansion will be still more ditficult
sconcile with this idea Ewidently it 15 not quite »n simple a matter
Iraw such hard and fast conclusions on the nature of matter,
sctally of such complex material as wood, mercely from the behaviour
>ne single property like theimal conducuvity Indeed, as has
ady been ponted out, the phenomenon of thermal conductivity 15
ditioned by so many othcr tactors, of which we have at present so
3 information, that 1t will be hazardous to venture upon any general
clusions at this stage
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3  Thermal expansion —In the following discussion, n orde;
to avord the frequent repetition of a qualifying clause, ‘a;’ 1s chosen fc
represent the coefficient of lmear cxpansion along the fibre, ‘a, tha
actoss the fibie 1 a langential plane 1e, the tangential {ransverse
coefficient of linear expanston and ‘a,’ thal acioss the fibre 1 a radia
plane 1 e, the 1adial transvetse coefficient

An examination of the rcsulls given oul in Tables 28 to 34
brings out cerlain salient pomts and 1l will be well lo consider thes
points before attempting a theoretical explanation of them

(1) In genetal, it 15 found that the coetficient of thermal es
pansion 1uns mversely with the Young's Modulus m any direction
Thus the longitudinal expansion 18 several times smaller than th
transverse one and it 15 alieady known that the longitudinal elasticit
1s several limes laiger than the transverse one If, however, w
find out the exact 1atio of the transverse coefficient of expansion t
the longiludinal onc and also the 1atio of the longitudinal Young'
Modulus to the tiansverse one, 1t 1s found that the foime1 ralio
smaller than the latler except m the case of ‘Dalbergia Latifolia
It 1s known that the expansion of a body whether n the fort
of a very thin walled tube o1 a solid 10d of the same dimensio
will be the same, so that the veiry thin walled 1ays, even thoug
they are too weak to add to the strength of wood, add the
expansion to that of the fibres The addifion of a conslant quantit
representing the expansion of the rays to thosc of the fibres 1
the transverse and longtudmal duections will ceitamly reduce ih
value of thus 1atio, it being remembered that this 1atio based upon i
wmverse relation to elasticity will be an impioper fiaction (1e, with
numerator grealer than the denominator) The exception in the cas
of ‘Dalbergia Latifolia’ 1s pethaps due {o the large twisling and mle:
locking of the fibres of this wood which might {end to dumnush th
longitudinal expansion still further and thus inciease this ratu
Further the differences between these {wo ralios mcrease wit
dimimshing value of the densily showing that as the amount of fibiou
material (which, by the way, will contribule moie to the densit
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ie very thin walled, wide rays) dummishes, the efiect of the
lon of the rays becomes more and more pronounced

) The next pomt which deserves consideration 15 the result
all the woods studied, ‘a,’ 1s mvarwably larger than ‘a’ though
solute value of the difference seldom exceeds about 8¢
mination of the photo-micrographs of the sections coirespond-
these coefficients shows that ‘a’ corresponds to the lateral
ion of fibres frequently interrupted by layers of medullary
‘hile ‘a,) coiresponds except m the case of twisted fibres,
to an uninteriupted layer of fibres  Obviously in the former
1e expanston of the fibre against the weaker ravs can take
note eastly but more than this 1s the fact that the expansion
1ays i their tiansveise duection 1s added on to that of the
since ‘a,’ coriesponds to a direction normal to hoth the hibre
2 ray In the case of ‘a’, the umuteriupted arrangement
fibres might mmpede mutual expansion and tutther, the rays
paiallel to thuis plane, thewr contribution towards eipansion
quite small

(u1) The last and perhaps the most mtercsting observation
ut of the results 15 the rematkable ettcet of temperatwe
mal expansion in the longitudinal and transverse directions.
ws a4 more or less uniform mcreast in value with rising
atures whereas ‘a,’ shows a rapud tall i value It 15 turther
that nearabouts of 200°C the two coethcients tend {v become
The rapidity 1n fall of the transverse expansion with mcreasing
ature, even suggests that wood, if 1t can retan its physical
ies up to thus lumit, will probably cease to expand transyersely
250°C or so, as though, before reaching this temperature,
nsveise expansion of wood had reached its mavamum value
't no {urther appreciable expansion was possible with rise of
ature

Any theoretical explanation of the theimal expansion of wood
take mto account the tollowing impoitant expermental facts

1. At ordmary temperatures, the transverse expansion 1s
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seveial times larger than the longitudmal expansion te, thete 55 3
laige anisotropy ol expansion

1 Asthe temperatwme 1ses the longdudmal coelficient goes
on steadily but slowly mcicasing wlile the transveise coefficient
rapidly diminishes 1 value

m At temperatures approaching 200°C the anmisotropy of
expansion 1s negligibly small

For understanding the theimal properlies of matler especially
of the non-metaliic kind m the sohid state, Debye's conception 1s very
helpful  Accoidmg {o Debye, theimal eneigy 1s resident in matter
as the energy of a system of elastic waves caused by the nuclear
vibiations of the aloms constituting matter  In the theoty of specific
heats, the theimal energy of a sumple lattice like that of a metal 15
expiesstble m {erms of Debye functions while n the case of a
complex lattice, m addition {o the Debye functions, the Enstem
functions corresponding to characterstic oscillators will have {o be
taken mto account also  In the case of theirmal expansion likewse,
m the case of sumple lattices it will be enough to consider the Debye
functions on the basis of the Boin-Giunewsen theoiy while for
complex lattices it will be necessary to take into account the Emstemn
functions also But whalever oscillatois may be consideied, the
application of quantum considerations to the energy distribution
between the vatious nuclear vibrations, with the restriction that the
elastic spectrum will be limited by the numbei of degrees of freedoir
N (=38Z) of the Z atoms constituting the system leads to the assoct
ation of each vibration frequency with a definite quantity called 1t
characteristic temperatmie  The lower the frequency of oscillation the
lower will be the characteristic temperatute  Near the characteusiic
temperature, any oscillator 1s asil wete 1n a state of resonance and the
bulk of the energy of the body will 1estde 1 such oscillators If 2
system consists of a number of groups of oscillators, each gioup con
sistng of a number of oscilators with chaiacteristic temperature.
lying close together, wlule the characteristic tempeiature varies con
siderably fiom group to group, then as the temperature 1ises with the
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supply of thermal energy, the group coriesponding to the lowest
characteristic temperature will be first excited and as the temperature
rises above the highest characteristic temperatuie cot1esponding to this
group, all the oscillators of this group would hav ¢ reached the state cor-
responding to a statistical equipartition of energy and 1t more Lnergy
1s supplied, the chances are that other groups previously not cauted
whose characteristic temperatures le m the ncighbourhvod ot the
new temperature would pick up the additional energy and the lower
frequency oscillators would be lett more or less at a steady energy
state It 1s very likely that the energy of increasing temperature will
go mto the fundamental states of the higher groups before any ot the
overtones of the lower groups get appreciably excited

Born® has shown that this conception will requue a shght
modification when applied to the case of amsotiopic bodies  Accord-
ing to Born, the Debye waves m an anwsotropic medmm will be
propagated with three different velocities m the thiee prnapal
duections ot elasticity with three sets of overtonnes An catenswon ot
Boin’s theory has enabled Gruneisen to eaplamn the otherwise m-
comprehensible phenomenon of a negative thermal expansion 1mn
certain directions of some crystals at low temperatuies Grunewsen
and Goens® studied the thermal expansion of hexagonal ciystals at
low temperatuies and find that at these temperatures, the negative
expansion takes place along the axes of maxmmum clasticity and as
the temperature rises, the magnitude of the negative expansion goes
on dimimishing numerically, till atter a certamn range, the expansion
ceases to be negative and becomes positive At low temperatures
the excited oscillators will be those corresponding to low frequencies
of oscillation and hence will be those in the direction of minimum
elasticity  The expansion wm the dircction of mummum elastiaty
corresponding to these oscillations will cause lateral contraction (1n
accordance with Poisson’s ratio) mn the direction of maxunum elasti-
city and since the oscillations correspondmg to this latter dueclion
would not be excited at low temperatures, the observed ettect will be
a contraction m this direction  With mereasmyg temperature the
oscillations 1 the latter direction will be exuted and the expansions
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due to these oscillations will mask the laleral contraction due 1o the
former effect and a positive coefficient 1s oblammed — Adenstedi
studying simgle crystal latlices has been able to confum Gruneisen’s
theory and Erflng® has cxtended the experunent to a laige number
of substances at low temperalutes In all these cases the crystal
Jatlices chosen werc comparalively simple and well-known A geneial
survey of thermal expanston w 1elalion to crystal stiucture 1s given
by Megaw®

The application of the above theory to organie ciyslal lattices
becomes mote and more complicated since wusually, organic lattices
are much more complex than morgamc latlices and also because
the aclual amounl of definite informalion on oiganic lattices 1s
small In such a case 1t 1» more frutful to correlate expansion not
stmply wilh the elastic anisoliopy but also ‘with the chemical structuie
of the molecules  Fortunately even wheie elastic data aie not
correctly known, the moleculat stiuclure of many oiganic molecules
15 well-known on chemical o1 X-1ay data Working on tlus basis,
Robertson and Ubellohde® have mvestigated a number of moiganic
and organic compounds wilh both ordinary and heavy hydiogen m
the constitution and have found that mn compounds contamning hydio-
gen and hydroxyl bonds, theie 1s marked anwsolropy of expansion
This 1s m consonance with the {acl already considered in Section 1V-I
that 1n compounds contamning hydiogen and hydroxyl bonds, there 1s
marked amsotropy of elasticity

It now becomes easy on the basis of the above consideiations
fo obtain a geneial explanation of the characteristics of the thermal
expansion ol wood, but before doing so it will be well to consider
the effect of lignin on the thermal expansion of cellulose As we
know, the stiucture 1s a hollow tube of cellulose sheathed mn a co-axal
lignin tube It v quite well-known that the cocfficient ot theimal
expansion 18 the same for a malerial whether the cross-section 18
hollow or sohd  Hence of the two factors, viz., hollow stiuctwe and
the surrounding lignin, which have been considered m the previous
sections as modifying the properties of cellulose, 1t will only be lignmn
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to be considered m connection with thermal cxpansion  The citect
of lignm, even though hgnmn 1s sotropic, will make ateelf flt
difterently on the longitudinal and on the transverse thermal ex-
pansions on account of the large anwotropy of cellulose  Comparmng
the coefficient of expansion of lignin and wood i the Inngtudial
direction, we find the values ate of comparable magnmtudes, o that
m the longitudinal direction, when espansion tohes place, the cellulose
portion and the hignm portion will expand more o1 less equally  On
account of the very large disparity m the stiength ot cellulose and
Iignin along the longitudnal duection any smuall dittercnce m the
eapansions of the cellulose and hgnin cannot cxeruse any appreciable
influence on the expansion of the cellulose puttion

The case of the transverse expansion will however be ditterent
In this direction the stiength of cellulose 15 only about twice that of
higmin and mutual wteraction will be more pronounced  Also, on
account of the weak lateral binding in cellulose, the expansin in
thus direclion of cellulose will be much gieater than the expansion ot
lignin  Since the relative stiengihs are of comparable magnitudes,
hignin will exert a definitely restramming cltect on the expansiom
of cellulose This 1s apparently the reason why the ratio ot the
tiansverse eapansion to the longitudmal expansion m wood 15 less
than the ratio of the longitudinal Young's Modulus to the transverse
Young’'s Modulus This restramning mfluence of higmmn will dimumsh
with 1ncrease of temperature since at higher temperatwes the
lateral expansion of wood rapidly diminishes and becomes comp.u able
to that of lignin and hence higmin does not exercise any appreciable
ditterential action on cellulose with respect to direction

Now coming to a general consideration of the evpanswn
of wood, 1t 1s well-known that the hgnificd cellulose tissue m wood
15 an elongated fibre with a length many times greater than the
cross-cdimensions and m such a case, the stiucture ot the matcrial will
m a large measuic determme the expansion Whether wo consider
the micioscopic fibre of woud or the subnmucrosopie micelles which
make up the fibie or the still smuller cellulose molciules which
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make up the mucelles, 1t 15 found that the structure 1s distinctly in the
form of a long thin 1od  These long thin 1ods under the supply of
heat will behave like a system of lincar harmomnic oscillators absorh.
ing energy The fiequency of lhe tiansversc oscillations of such
an oscilator will be much smaller than that of the longitudinal
oscillations with coresponding lowe:r characteustic temperatures
for the lateral oscillations and higher charactenistic lemperatures
for the longitudinal oscillations Hence al low lempcialures corres-
ponding to low eneigy states, il will mamly be the transveise
oscillations cotresponding to low energy levels thal would be excted
This energy of transveise oscilation 1s conserved as belween the
kinetic eneigy of the oscillator and the polential energy ol stiamn m the
transverse direction  On account of the low value of Young’s Modulus
of the fibres m a transveise duection (o1 the weak hydiogen bonds
in the case of the cellulose molecule) even a small eneigy will
correspond to a laige ampltude of oscillation, so that at low tempe-
ratures the transverse expansion 1s much greater than tihe long:-
tudinal onc

As the {empeiate rises with a continued supply of heat
eneigy, the energy goes moie and more wnto the longitudimnal
mode of vibiation since transverse oscillations at these higher
lemperatuies would have already reached the condition of equ-
pattition coriesponding {o then irequencics  Thus the lateral
amplitude will, as 1t weie, 1each a stalionary state while the
incireasing energy of the longiludinal oscillations with 1mcieasmng
temperature will give this expansion an mcieasing value The
decrease of Young's Modulus with incieasing temperature might help
to augmenl the amplitude of the longuudinal vibiation and thereby
help further to mnciease this coefficient wilh temperature

It will be interesting Lo obscrve 1if other fibious material, as fou
instance asbestos, shows a similar behaviour to wood
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