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ELASTIC AND THERMAL PROPERTIES OF TIMBER 

I CHAP~ER-INTRODUCTORY 

1 EARLY HISTORY O F  THE STUDY ON TIMBER 

A ON MECHANICAL AND STRUCTURAL PROPERTIES 

Alnong naturally occulring substances which can almost flonl 

the native state, be applted for practical coilstructional purposes, 'wood 
t&es a promment place It IS, therefole, not suzpnsmg that. floln 

vely early t m e s ,  t m b e r  has been employed fol building houses alld 
boats and for  makmg weapons of offence and defence With the 
advent of civilizat~on new and wide1 fields of applicat~on have been 
opened up fol tlus coininodity It IS, howevcr, stlange tlzst until 
quite recently, all the technical and plncti~cil knowleclge on this 
mate~ial  has been the monopoly of calpenleis and a~tisails pnd, as 
S L I C ~ ,  has remained quite empti~cal The  increased application 
of wood for st1 uctural purposes especially of I31 ~clges, f'xst inovillg 
rallway carnages and zeloplme fusclnge has iesultecl 111 the accumula- 
tlon of s large amount of useful but ~ n c o o i  d~lz~llecl informatton on 
the bulk propelties of wood tv111le the app l~c~~ t lon  to n~usical ~ n s t ~ u -  
n ~ e n t s  and objects of a1 tistlc carving has extended oul knowledge of 
~ t s  properties m sinall pteces A systeinatic sctentific stucly of wood 
is of falrly recent o ~ l g m  and even aftel such a, stucly had been 
started, the practical bul lde~ , with pel haps a cel t m  a~nount of 
justification, loolred askance at the sctentii~c concl~~sions The real 
diMiculty in the sclenttfic invest~gaiion of wood lies 111 the fact 
that there are innurnelable var~ettes of t m b e i  and the vaiiatiotls 
w~thin the same specles ale a g m  u~numeiable Further, belng 
a blologtcal p iod~~c t ,  subject to gteat va~tattons 111 structure and 
characterist~cs due to vasiatlons 111 cond~trons of g~owlh ,  r t  1s d~fficult 
to expect any unifotmlty of values cvcn in specimens of the same 
specles It IS, therefole, not surpiismg to find that llle values obtamed 
by labortous tnvesttgations, howeve1 good they inlght have been 
wit11 respect to the specimens studied, could not he relied upon 



The ploper appronell to ,I solutlon of t h s  tl~ltlculty nouh1 
appear to he In studj lng tile p l ~ y ~ , l l  p~ ope1 tie\ of w ~ o d  lu I eldlrw to 
some enslly de t e rmwMe ~,L.;\L char,ictel ol the i n a t e ~ ~ d ,  Illkc, for 
lzl~ta1Ke 1t5 mlcro-structure, so t lut  n hen any plkstl~~11~11 IUCLC: Of 

tmlber 1s to be applied for a specific putpost, it nil1 hl: ou1y 
necessary to determine tlllq 1,ittcr b,lslt char , i~tci  w c i  to dccluct. 
tllereflom other plly%c,tl properties Thc n~ir.~u-an:rioi~~t~:~l clr:ir.tcter 
of ~ 0 0 d  WIII be the best baslL fact01 to t,die, m ~ c c  ~t li knon 1-1 t l ~ l t  
eve11 s ~ l l d l  vanations ln caIldltlon\ uf g~ owth I eg14tel thcmwhc\  
perlllallerltly by ~h , i~ lges  the mrclo-st~ ucturc Ceisides the .ict~c,~l 
u td~ ty  such n system,ltlc study would Il,rve ,i I,uq tunclnmclkil 
mtereat In that ~t ivdi llelp to elrrciclatt: thc propcrtles of ~i hqhly 
co~nplex biological p~oduc t  like ~ o o d  on the b m s  of wnplc h 1 1 d ~ -  

mental physical and cfiemuxil laws 



stltutlon of complex substances was gradually being recogaised alld 
Stnuclinge~'~ ~nvest~gations on the constitution of polyllless 

of high ~nolecular weight paved the way i o ~  an explc~ndtion of mecllalll- 
CAI propestles of natu~al and syntllet~c substances 111 lelatioll to con- 
stltutloll The simultaneous X-1 J.Y ~rlvcstlgatioils of coillplex olganlc 
substances supplled the necessary ~~ckIiCiona[ mforrnation for the 
calculation of mechaiucal plopel ties f ~ o m  the stluctuial str~ndpomt 

The first attempt to collelate the physlcal pl ope1 lles of wood 
to ~ t s  mxcro-constitullon was inacle by Nclgeli4 who stud~ecl the optical 
double refiact~on and swelliiig of woocl in lelation to I ~ S  structu~e as 
revealed u n d e ~  the mmoscope On the basis of 1115 stuclles, he 
proposed the micellar tllcory of wood struclu~e, accoiding to wh~cl~, 
the cellwall of woocl fibres 1s budt of ~n~ce l l e s  01 groups of crystallites 
alianged 111 s p r d  f o ~ m  He ~ l s o  a1 rived at c e r t m  spec~hc conclu- 
sio~ls regardmg the I elation between the dl1 ect~ons of lnaxlmuln and 
ininimunl opt~cal an~sot~opy and swelling on thc one hand c ~ ~ l d  micel- 
lar orientatloll on the other S e v e ~ d  worke~s  have followed up 
Nagell's lead but most of what has been subsequently clone has been 
physiological 01 morphol~gic~~l ancl not phys~c~d Though some of 
Nageli's conclus~ons have been subsequently shown to be erroneous, 
the m~celIdr conception of u l l ~ m ~ d e  stiucture 11,~s been accepted 
111 geile~nl Pfefter ' jm 111s ' Pflct~~zen-pl~ys~ologie ' accepts the 
mlcellar structure as the ultiinL~te units of whlcll organisecl bod~es 
are forillecl just as molecules and atoms ,ue the ultimate un~ts 
of chern~cal s tructu~e He, however, tll~nks that not all physical pro- 
perties are traceable to micellar struclui e Thus, for exdmple, he 
says that properties like anisotrop~c swellmg and double ~efract~on 
nllght be due to the axes of the micelles bemg of different lengths m 
d~fierent directions 01 of inlcelles being hound to one anothei with 
d~ffei-ent foices In cl~ffe~ent  cli~ectlons wh~le  he maintains that the 
great differences in ~ i g i d ~ t y  and elasticity of cl~ffeient cell-walls are 
~ n a ~ n l y  the result of thc r  spcc~fic inoleculal stiucture Roblnsono 
stuclymg the peimanent deformation of t m b e r  dfte~ faxlure under 
mechanical strains, thinlcs that the mechanical p~operties of timber 
depend more upon the n a t u ~ e  of the cell-w~ll substance than upon 



the arrangements of ~ t s  pal ts He conslcleri thc cell-\tdI to 11c csse~t- 
tldly a ~ollold .tnd tllltihs t h d  d l  the i ~ i e ~ I ~ , m ~ t , ~ l  ~ u ~ p c ' ~  ties of W I N ) C ~  

can be clcdu~ed by tledlng wood a7 ,1 LoIIo~cI~~I g t l  Eie tonutier s 
wood to be a, supelriscou., fluicl wl-hoie ~ i s c m l t y  111 the c tmsc  o f  

growth has nltL~tued A v,ilue cal t t q~onc l i i i~  to t l ld of ,r i i g ~ 1  gel 'The 
for~natioil and glowtll of s u ~ l i  '1 gel 'ire, xcnic l~ng to Rohtuaon, ~ t t  

conform~ty w ~ t h  the principles of surfate .idsorptio~i nnd \ulfrt~e 

energy at the su~face  of the poto-pl,~sm whei t  fnst pect~c mtl- 
stances and then cell~dose go on ~ccumulding m d  111~sed~i11g the 
v~scoclty of the ploto-phsm tlII the whoIe s u b s h n ~ e  stttles clown mto 
a rigid gel Ht conside~s qowtll to t 'ke  p 1 , ~ ~ e  not 0111) hv  tilt: 
aclcltt~on of flesh cells hut AIVJ hy the s t l t t~h lnq  of e u s t n ~ q  ~ e l l s ,  the 
arlistropy of the cell-~~111 being clue to the pe~m,\ncrit clefo~iiuttw~ 
c:lused by the stretthint: dui 1111: g1 owtli The 5t1 lCltitm\ 111  ell-w,:,lll\ 

fil st obse~vecl hy hIoll17 :mcl ~ c ~ t r e l , l t ~ d  hy N . q e l ~  n ~ t h  , I X L ~  ot 

m~cell,lr ol~entdion are cons~cle~ecl bj I i o l m w ~  to be the pl.mes ot 

sllppmg 111 the cell-w~ll \uhst,ulce proclucd hy the nlecl~,tnic,d terlsloli 
clu1111g gl osvt11 

Thus for the h s t  time sime N q e h  proposed h ~ s  cryst& 
lite m~cellnl theory of cell-wall s t ru~ture 111 1860, w ~ ~ s  a vtew 
put fo~tvard in 1920 tvllich sugrjestcd tlxe micellar conceptron to 
be unnece5sat y nnd lncorlsisteilt w t h  tllt r \ ~ ~ ~ k ) t e ~ l  \ le\\ s 011 thc 
s t iuc tu~e  and p~opertles of colloidnl gels Iiubi~lson's oppo\itlon w'ts 
however short ilved , f o ~  tv~thul the next few p a r  N a q h ' \  1c1c,ts t v c ~ c  
venfiecl 011 almost w h d  one might consldcr direct \ lsu,~l t v ~ d c ~ ~ r e  
Almost sin~ultaneously w t h  R o h m ~ n ' s  work w,ts ctarted '1 vlgi~rou\ 
investigdt~on of tvoocl \tiucture bv S-r1ij ~uethoci\ Shortly ,ifttl 
Debye and Shearer developed thew techmquc, ot X-ray study of pul- 
verlsed matenal, AmbrotlnB sug~estecl LL s e m h  for the ~rvs t~ t l l~ tes  
~n wood by the X-rdy method n11d 111s suggcition 1~1s been follnn ctl  
up by a large number of workexs In the iicld A m ~ n g  the 111o1c: 

lrnportant ~nvestigations on woocl 41ould he nzetlt~o~lcd tho\t of 
Herzog" JanckelO, P o l a n j ~ ~ ~ ,  R~tter", Rl,ulL1; Mqw", Clalkl' mcI 
Astburyl" T h e s ~  mi estlgators I I , ~  e ohtawcrl nlnre 01 less c o n i i d ~ n t  
results regarding the existence ,uld WL of cr: st,ilWc\, the l m ~ l l ~ s  



of these ciystallites and the inannel of arrangenlellt of 

these micelles17 The best and pel haps the most direct evlc1ence of 

tile mlceller conceptloll 1s ihat provded by the ultra-inic~oscope with 
the Splerel lens Serfrlzls m collabol dl0n with Spiel e r  has exatnilled 
cellulose with this arr angelnent m d  Th lessen lVm extended this 
~~lvesttgatioil to wood both in the sound state and in vauous stages 
of decay down to the cond~t~on of coal By  this method stru&lral 
deta~ls of the cell-wall have been photog1 aphed wl~ich are 111 c o n f o ~ l n ~ t ~  
wit11 the ~n~cel lar  theoiy of the structure of cellulose 111 wood More 
lecently cellulose blms have been exanmed by election diflractlon 
methods by Nelta and Baccaledda20 and the ~esul ts  confirm the 
prevlous X-ray investtgations A study of the magaetlc an~sotrop~ 
of wood has enabled N~lalranlan~~ to establish the clystalline character 
of cellulose In wood Chattaway and otherszz have studled the 
micro-anatomicJ characterist~cs of wood wlth a view to coltelate 
them tv~th the natural ordei and classlficatlon of different specleq 

Cair~nglon~' has made a detalled study of the elastic inoduli 
of Enghsh m d  spruce has measu~ ed, In delinttcly shaped specimens, 

the v ~ l u e s  of the Young's modulus, Po~sson's rairo and rigldlty 
modulus Treating wood as an anrsotr opic body w ~ t h  t h e e  mutually 
pe~pendrcular planes of synlmetry I e , l ~ k e  a ciystal belonging to the 
I hombic val rety, he has evaluated from his expermental I esults the 
nine elastic constants characterlst~c of rhoinbic s t r u c t ~ ~ i e  Hong2" 
has utlllsed Ca~r~ngton 's  results foi a detailed ~nvesttgatioil of the 
elastlc~ty of wood f~oiil  the view pornt of Voigt's theory of elasticity 
of an~sotiopic bodles and has also drawn the elastic sulfdces both for 
extension and torsron Following up a suggestion of I-Io~lg, Scl~luter~~ 
Ins measured tho elasttc constants of a few types of Gerilian timbers 
co~iesponcling to the Engltsh spluce, SLIC~I vmeties belng the ones 
most conmonly used 111 the const~uct~on of the resonance chambers 
of ii~uslcd instruments 

The amount of study on the theimal properixes of wood has 
been inuch snlaller than that on xts ~nechan~cal p~opet t~es .  Further 



The fact that wood is ,I poor  ond duct or of heat Ins  been 
known from very e x l y  t m e s  and the ~ I O \ ~ S I C ) I I  uf W U O C ~ ~ I ~  11,11idle\ 
f o ~  splts c~~lc l  soldcr~ng 11011's 15 very mcient LU\~OIX The LIW 

of woocltn plmks under the cell~rq of p , t r t ~ ~ ~ l , l r l y  tiltcl \tructures 
to lxxp  ofk the iigour5 of both w u  and floit ,is wtll ,is the co t t i111~ 
of the floot ,111d JI alls 111 culcl countr~es w ~ t h  wood p n e l s  is .uz 

import,lnt c~ppl~cation of tlus ptoperty of wood Horvtver, both on 
account of the ~ o s t  of the m d e r ~ a l  m c l  the llsk ot flre ,tttendmg upon 
its use, the plnttlce is limlted 111 ~ t s  scope An add i t~o~u l  mlpetus 
to the l a  ge-sc,de qpllc,~tiun of tlus pl ope1 ty of wood  st,^ t ~ c l  w~tl i  
the development af the cold \tor,ige ~nclustrj mcl refnger,itor . ; h p  
int~nilecl kot the transport of cold-stored food-\tuft held to be provided 
wt l l  5oim 3ood ilun-cuidu~Cinq nlatcrids I ~ l c l ~ e d  a\ I ~ U L ~  L L ~  fltteen 
to twenty p c ~  cent of the toted tonnage of LL retrigerator 'sti~p"' ~onr;i\t of 
the1 mil  ~ n s u l h n g  n u t e n d  m c 1  t h ~ \  work\ out at the r ~ t t  of .ibout 
50 lbs of iasulatlug rn,iterml fot ever) cubic foot ok m,ulable cold 
sturdge s p x e  A sjsteiii,~t~c study of the tliti m t l  proper ties of wood 
and I e l a t ~ d  insul,lt~ng nuterl,tl\ u it11 a 'r leu to d~minish the qumtity of 
~llnterial per u n ~ t  volume of s to rqc  space m c l  'ilso to employ lt in the 
most effit~ent Inmuel ~ 1 1 1  thcretore lw of g i f ~ t  p rx t i cd  i n i p o ~ t n n ~ t  

The e,irliest 1s oi 1; on the tllermd ~o11cI~cfivity of  WOO^ W , ~ S  

that of Forbes7 nho  studled this propelt\ in the t~;ulsvc~\e 
and longitudinal dl1 ec tions The low value of. the conduetirit~ 111iic te 

the expwninent,d cletern~inat~on i r  ~ i ~ i t t c ~  of ~litfi~iilty till the disc 
ar~angement  of Lees .incl Chotlton'J li~lcl 01: I x e s  was mtrodutcd Ify 



employing hts method Leesz9 has 1ne:isuied the the1 inal ~ ~ n d ~ ~ c t ~ ~ ~ t ~ ~ ~  
of a Iaige numbex of pool conductors tnclodmg woocl E L ~ ~ ~ ~ ~ ~ Q ' ,  
~lstllg an appaiatus clesignecl by himself made ~1 w d e  stt1dy 
different non-inetalltc substances, crystallme, amolphous ,111d llllxed 
and came to the conclusxon that clystalliile substances sl1owed a 
dxrnuntt~ol~ of conducltvity wlth lllcreasing ternpet a t u ~  e wlllle the 
revelse was the case wtth amor phorzs substances Euclren was the 
first to attempt a cone1:~tion between conducttv~ty and other physical 
chai actei isiics 11ke molecula~ weight, numbet of atoms In the 
molecule, nlelttng pomt etc Bal I alld1 erllploy~rlg an appal atus de- 
slgtled by himself detel inmed the the1 ma1 conductivity of several 
non-metall~c substances ~ncluding woocl and concludcd t h d  foi noll- 

lnetals the gene1 a1 ther ma1 conducttvxty mcl eased with temper at~ue 
and that the concluctiv~ty ol most woods inciecmcl t apidly with 
ternperatme Bairdtl and Wintei" cleteitnined the thermal conductl- 
vlty of wood 111 very small pieces and have foi n~ul~ltecl a theory of 
heat conduction foi such cases Hexinan" worliing wlth a n~unbet of 
Amellcan woods fouild that t l~ermal concluctivity diininislles 1~1th 

density The Amellcan Folest Department has measured the 
thermal conducttvity of a nutlibel of. A m e i ~ c m  ttnlbeis In all the 
avatlable Met ature, howevel , thele is haiclly any mfor snation iegard- 
11lg the vmalion of cond~rctivtty of wood wxth respect to clli ectlon and 
evcn wheie some infotmation is avnhble ,  as 111 the work of Fotbes, 
theie is no inclmtxon as to whetliet the loi~g~tuclinal coilductton lefers 
to the radial or the tangentxal plane 

Coining next to the tlietmal expaiislon of wood, one finds that 
perhaps tllts is the plopel ly that has receivecl the le,~st atter7tlon at the 
hal-~cls of both scientists and cngineels mcl yet wood possesses 
a therind expansion dong its fib1 e of snoi e than lidf the value 
of mllcl steel m d  xrosb ~ t s  f i b ~ e  n value t~ea i ly  ten times that 
of steel The  prac l~cd  buildel and tlw S ~ ~ U C ~ L U ~ L ~  engiaeei have 
got to make detailed calculc~tions of the e i l c ~ t s  of the~ina l  expan- 
slon of Iron In all p ~ a t i c a l  structuies and ~ n a c l m e s  and plovtde 
proper ~~llownnces or a~ rmgcmen t s  agcunst t~oub le  on account 
of expansion with l m t  Stxll there xs next to no allowance made 





collsrdered worth whde to unclei lake a systematic study of tllese 
plopertles, followiilg up the h e  of work plevlously done by the 

on the elastic pi ope1 ties of anothel naturally occunlng 
substance w z  , inothel -of-peal 1 

111 the piesent investigation an attempt has been made to study 
the elastrc propeities, thermd expansion and t11elm:d concluctlvlty 
of wood In relation to its s t ruc t~~ ie  Indian t~mbe l s  were cllosell 
for the study not only on account of thelr easy ava~lablllt~ 
but also because they have not been stucliecl so fa1 in mvest~gatiolls 
of fhls liilld Three v a i ~ e t ~ e s  of tiinbcr of hlgh density, two of 
medium density and one of low density wele chosen froin among the 
most coinmonly employed IncIim t~ inhe i s  The mateiials were 
supplied to the duthor specially for this wo1k by the cou~tesy of the 
Forest Departnleilt of the Govelnment of Ti avancoi e The speclinens 
were not subjected to any special seasonmg piocess The trees &el 

bemg cut were allowed to 11e 111 the koiests fol about ten montl~s 
From n e x  the top ends of these t ~ e e s  but not close to the b~ailchiilg 
positions, t~ ansverse, I adla1 and tangential sectlolls we1 e cut out 
and these cectioas, each about two mclles 111 thicltness, were left 
exposed to bright sunshmc d u ~ i n g  the whole of Match in Madras, 
The sect~ons e~ainined we1 e all nutur e speclinens ok the11 kmcl 
havmg developed a Icugc plop01 tlon of Ileal twoocl except In the case 
of the liglltest specimen which by nature f o ~ m s  no lieaitwoocl at all 
The transverse sections were talien out of full discs cut out of the 
tlee normcll to the length of the trunlr: while for r a d d  ancl tmgential 
sechons, planlrs sawed 111 the a p p ~  opi~ate dl1 ect~olls of the same 
trunk were used Thc hnes of growth x e , the f-rbre dtrectlons and 
the annual rlngs were all veiy cleaily vis~ble specially dfter just 
smoothmg up the surface by a few i a p d  strokes of the plane The 
test-pleces were all ~na~ltecl out on the varlous sections In clefinlte 
diiectio~ls with respect to the fibie dilectlons, then cut off with a thin 
saw and finCllly pollshed and finished to exact dimeilsions by being 
rubbed on increasingly fine grades of sand-papel 



Tlus tree grows th1 oughout Indid in de~iduous f o r t  sts flom 
the sea-level up to &out 2000 it upm,trcls Tilt t m b t r  1% u,tcl 
extensively fol ~llaklng countr~ ~ u t b ,  tu~nitme m d  Ilc~usc-X~~l~lclti~g 
The b ~ r k  is used 111 clyemg md tm11111g 



II--(Termtnalla Panlculata' (Cornbt etxece) 

[Maruthy-Malayalm , Vcn Ma1uthy--T~im11] 

Tills tree also grows m deuduom fotests from 0 to 2000 feet 
&ove se,t-level and ts used e s t c n w d y  ~s 'I sub4dule for the more 
costly teak The tlmlser yields good planks fol Imldmg purposes 

111-'A1 tocarpus Hirsula' (Ul tlcacz) 

[Anj111-Malayal~m , Ail~~l i  or Ayai~l-Tanltl] Jungle J,lck 

Thls IS a l a ~ g e  tree glowing wild m forcstr and also glow11 
extensively 111 p n v ~ t e  compounds The wood 15 edsy lo worh, 
fall ly hght and has got a beautlful golden colour which, unlske teak,, 
does not become dark wlth age Besldes extensm applicatloil for 
bulldmg pulposes and furnltute, the woocl 1s etnployecl f o ~  makmg 
match boxes and splmts 

IV-'Dalbeigra Latifolia' (Legumtnosz) 

[Ettl-Malayalam , Thothagattl-Tcltnil] Bombay Rosewood 

This 1s a large tree growlng on plams and htlls up to an altitude 
of 4000 feet above sea-level The llmber 1s hatd and heavy, darlt- 
brown 01 black m colour and takes a high degree of poltsh ,It 1s 
valued very much for all lrlnds of ornamental calvmg, furn~ture, gun- 
carnages, tool-hmdles etc 

V-' Tectona Granchs ' (Verbenaca) 
i 

[Thelclru-Malaynla~ , Tamil] Teak 

d use- Thls 1s a tree well-known even outs~de Itldta for tts gre- t 
fulness and natural immunity agcunst dttdclr by tcrnutes It glows to 
very lalge sues 111 dec~duous forests LIP to an alt~tucle of 3500 feel and 
the timber 1s used for almost all pulposes for which woocl can be 
employed 

VI-' Botnbax Malabat ~cutll ' - ( M a l v ~ c ~ )  

[Elavu-RiIalayalarn , Ilavu-Tamil] Cotton tree 

This tlee glows both m deciduous and evergreen folests and 
yields a tmber  whtch is very soft and Ilght and c a d y  ~ l t a c l w l  by 
telrn~ies and bortng beetles On account of its extreme l~ghtness 



FI ~PTEIZ-EXI'ERI~I~I:N'~~IT~ bl ETHODS AND RESU1,'I'S 

EL~SIIC ~ '~ - ' I zu I '~ . ,R I I I .~  (117 TMUCR 

The present inr est~gdion h is  hem ~ o n f ~ t i ~ d  to the II~L"MII t- 

f the Young's modulu\ of wood ot clilier cnt v.truAles 111 d ~ f -  
llrections \vitli ~ ~ s p e c t  to tht l~ l i t s  of :;~uwth m tliiiher The 

of obt,mmg the t ~ s t - p w ~ s  h'ts i ~ l r e , ~ c l ~  be611 cltscril~etl in 
2 of Chapter I 

A Pt el~mimo y E tlwr 1 t ~ w t ( f  -It I \  La L ~ I I I I ~ I J I I  e n g u u r  tug 
Lon that the values of m e c h m ~ ~ ~ d  \ti ength d e d u ~ t d  f ~ o m  ex- 
11th on s111,dl specinlens .u t nu prupei guidt foi Iagu sc,& 
q purposes cmcl that tests, 111 01 d ~ i  to ht t t ' d l j  usttul, houlct 
lucted upon spcc~mens oi ,~ctu,~l  slzes uinplojtcl ln the ~ u n -  
In E ~ c h  nnnucd rtclclition of woocl to a t~ ~t is 111 the 11,ttule of 
AI cyl i~~d~icnl  tulx of nood-substmcc, sllr~ink on to the pre- 
cx~sting tree, inole &~fter the clts~gti ut I i ~ m y  C ~ ~ I ~ O I I  Thxs 
yer of flesh rllaterial 111 the course of growth, l ixdens ,ind 
l!te inner poitiorz firmlj Such d structuie lltlps to prnduce 
e uniform s t ress -d is t r~b~i l~o  tl~ouglmut thc ill<~tt '~ir\l mcl 
7 improve the ~necllarlical tfhuency of the structu~ e J V t  

efole, ~easonnhle that cutllng through such .L 5tructule to 
'1 smdl test-piece 1s l~nble to ~ n t e ~ f c r ~  nit11 mech,lnlc,~l 

11 considerably But Young's moclulus is on cju~te ,r cl~fferent 
, 111 that ~t is a property rel,~ted mote to i n o l c ~ u l a ~  5tru~turc 
l~lcroscopic or macro-nlolecul,~r st1 uc ture I-Ien~c ~t 1s quite 
y that Young's modulus nil1 clcpencl up011 the sue of the ~ P L L I -  

losen, so long ,rs the site is l a g e  coinp,tred to m1~ell:~r dunen- 

To d m f y  tills pomt and obtain tspelimental j~lst~fit~itmn, rf 
e, for this eontcntion, '1 tedi-n oucl joist (8 f t  x tj in x 3 111 ) 



was chosen awl ~ t s  Young's modulus was deteimnecl by a dl 
bending test Afterwards out of this J O I S ~ ,  four smdlci preces (e 
100 x 2 x 2 cm ) were cut out from different portions and the e]a 
mod~~l.c~s of these four test-pleces was found out a g m  by a bend 
test From each one of these foul pleces, agam, two sinallel pie 

(20 x 1 x 1 ctn ) we1 e prepared and the Young's modulus of each 
tllese elght pleces was agaln measured by a m l r l a ~  method '.I 
results are given In the following TabIe I It will be noticed tl 
the values of the Young's modulus do not show any systematic var 
tion w ~ t h  sue and that the variations are wdlm the liimts of expe 
mental errors 

TABLE I 

Yo?ing's Modulus and iSsze 

Large Size 
850 x 15 x 7 ern 

Medium Size 
1 0 0 x 2 ~ 2  cm 



After measuring the elLlst1c moclulus, the over -,dl d~mtnslons 
af the pieces were measured and their masses also were clete~mmed 
Thereby the density of the vdr~ous te5t-pietcs was d e t ~ i ~ n m e d  

The tables 2 to 13 give the \dues  of the Young's mudulus ,ind 
density for the vartous specimens studied 

The figuies I to VI represent the culi e5 showmg the var lLhr l  
of Yo~mg's modulus with cllrettion in the thrcc prtnclpal sectlnrls u1 
the difierent timbers Polai co-ordinates h , i w  been chosen for 
the repiesentation nit11 the X-,lus AS the r e f e ~ t ~ ~ c e  axis Thc length 
of the r ,~ l ius  vector 111 any dne~t lon  gn  es the v,ilue of the modulus 
in that dlrettion 



Young's ModuIu 
m dynes/cin a 

Direction 
- - 

I 
0 

30" 

60 

9 0" 

120" 

150" 

180" 

Denslty gills /cm ' 
- -- -- -- - -- 

0 99 

0 98 

0 97 

0 95 

0.99 

0 97 

Vnlzle zn the  lo?zgzludznaZ dzrectzon 

Dire c t~on  

I I I I 

I-Radlal 

Density I Modulus 

11-Tangen tml 
-- 
Density I Modulus 



Direction 
Density / l\Iodolus 



YOUNG'S MODULUS OF 'ARTUCARPUS HIRSUTA' 

TABLE VI 

Value  z ~ t  the h m s v e ? s e  d m e c t ~ o n  

Direction 

0" 

30" 

I-Racllal 
- 

Dens~ty / Modulus 
- 

0 6 1  

11-Tangen tml 
- 

Dens~ty 1 Modulus 

0 967 x 10l1 

0 290 x 10" 

0 651 

. .  

1 0 9 8  x 10'' 

0 346 x 10" 



Direction I Yout~q', Ilodulus in Density gms /cm ' ; 
I 
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YOUNG'S MODULUS OF 'TECTONA GRANDIS' 

TABLE X 

Value m the t? a?zsve~se dz? ectzon 

Density gins /cm * 

0 84 

... 

.., 
0 81 

. . 
0 78 

0 77  

TABLE XI 

Young's Mo 
dynes/cn 

Value zn the Zongztudz~zal dzs eotzon 

Dlrectlon 
I-Radml 

- 
Density / Modulus 

11-Tangentla 

Densliy / Modu 



Young's hlocIulus 111 
c1j nes/cm 
- ---- --- 

0 0SOO x loLL 

Oq077 ~ 1 0 "  

0 OGS x 10'" 

0 06%) x 1O1l 

0 0722 x 1011 

0 ObS 4 X 10" 

0 0593 x IOU 

I-Radial 11-T,ingenti,rl 
--- 

Densty / hlodulus 



ELASTIC PROPERTIES OF WOOD 

FIG No 1 
Young's hIoclulus of Telmln?ha romentosa 

ELASTIC PROPERTIES OF WOOD 

ELASTIC PROPERTIES OF WOOD 

I Y  

F I L  No 2 
Young's Modulus of Termlnalla Pantculata 

ELASTIC PROPERTIES OF WOOD 





at 102°C and the apparatus for measuiing the conductlvlty 
covered by x large botlomless wooden box from the top insic 
which weie suspendecl two shallow beakers coihining fused talc 
chloride The box was made of ply-boaids foi thc sides with g 
front and back Thc top also was a boaicl of plywood, wlth a 1, 
number, more than one hutlcl~ed, of m ~ a l l  holes each about 1 cm 
diameter The box was about 3 f t   lo^, 2 ft wlcle and 3 f t  hgh 
already ment~oned it had 110 bottom ancl it was reslmg upon a sl 
of thick cloth sprecld on the table and neai the bottom of each of 
two plywood srdes was a hole about 1 inch in cl~ameter Each of 
two holes was fitted wlth a tight-littmg thin walled glass tube, ope1 
both ends and about 1 f t  111 length suppo~ ted hol~~ontally The gl 
tubes weie filled wlth a close pack~ng of lunlps of fused calclum cl 
ride T h ~ s  arrangement ensuied that the a x  inslde the box was 
over-heated during an experlinent extendmg over elglzt or ten 1101 

on account of the large n~zlnbel of vent~latrng holes at the top 
the same tune the irlsuctlon tllrough the two glass tubes at the bott 
was secured dry on account of the alr being drawn through , 
calcmn chloride in the tubes The effect of this enclosed space ( 

not cause a rlse of mote than three 01 four degrees in the ternpe 
ture oi the air withln wit11 respect io  the laboiatoiy temperati 
outside 

After the specmen had been left for neally fifteen hauls Ins1 
the an oven at 102"C, the curlent to the oven was cut off and t 
oven was allowed to cool There was, a s  usual, a good supply 
fused calcrum chlo~lde rnslde the oven Six hours after the switch1 
off of the culrent, the speclmen was taken out and quickly transferrc 
to the apparatns 1nslc1e the box The experiment was then proceed1 
with The coolmg part of the expeiment was also conducted Insic 
the box which helped to ensuie the constancy of sullounclmg conc 
tlons u d  to ellininate the effect of wmd ancl the disturbance c a w  
by the expel imenter 

For ixeasuring the temperature variation of the1 ma1 condu 
tlv~ty in wood, the same ariangement and method were employe 



r ~ e p t  fox tht, t r ~ ~ t  t h 1  the s t e m  ~11,ml)er In tlie I,etJs ,lpp,rr,ltus 
'1s replacecl ni th  ,ui c l e c t ~ l ~  h e , ~ t ~ r  wtli  ;I f l ~ ,  itllootl~, pol~sllcd 
)per sui f , u  of br;rs\, the d~ t in t t c r  of which u ,ts the 5,1111~ , ~ 4  th;lt o f  
c s t e m  he'tte~ T h t  cur rent supplied to the l~e,rttr n , ~ s  I egul ,h t l  

lntans of '1 s u ~ l h l e  ~ h e o i t d  ,mtl rnd~~~r t ec l  Ily a sens~t~vu amnltttr  
r~naneritly ~n~ ludec l  111 the clrcu~t By lLeepmq tllc ~ u r l ~ n t  ,it ,t 

:ady \ d u e  for a  matte^ of: four hours, t h ~  hcde r  ~ w ~ l l t ' d  ,L s t e d ?  
llperatur e a llicll ~ ~ 1 ' 6 5  I e ~ 0 1  decl b> trze,m\ of a the1 mumetel, i~rtru- 
ced mto ~t 1 u 4  below the h t  ass top A copper const,mt,tn the~mu-  
uple In conjunct~on wtl i  't sensiti\ e micro-g,ilvCtno~~1etet L ~ I ~ ~ ~ I L  01 

tectmg a ttrnpei,ttu~ e d~fierence of less t h m  M f  :L degree 
ut~grade betn een the two jun~tioils mas used inth one jun~tion on 
, top suif,tct of the heater m d  the othet introcSuced ~ n t o  the holc 
:upled b~ the tller~nometet wl1c11 the stead5 5tde h,td I x t n  r ed l ec l  
c g.tlvnnumcte~ c11cl not inc11c;;lte m y  tlotite,~ble defluctlon t l lc~ e l ~ v  
)mmg t h d  the 1 ~ , ~ 1 i n q  of the t h e ~ m u m ~ t e i  c m  h t  t , ih~ri ,is tqtl,rl 
the temperature of the top su r lxe  of the Ile'lter 

The followmg t lhle  Nos 14 to 19 g n e  the a d u ~ s  of the 
rim1 condu~t i r i t~es  of the v,iiious ~xoods lu the tllrce prlnLk- 

d ~ r e ~ t i o n s  as obtained In the first e q x r m e l i t  with thc s t c ~ m  
lter The values T, lr~icl 7': represent the temper,ttu~es of the 
) face5 of the spec~nlen while T ~epresents the m e m  tempt~,ttute 
respvnchnq to which the v,rlue uf the ~onduct l \  ~ t )  is g ~ v c n  
2 co~lcluctivity g v e n  in colunli~ 7 ieprtsents tht  L ~ ~ L I L  aLros5 

section gn en 111 coIumn 1 Thus the v,~lue 111 thc f i r  st row 
t ~zontal h e )  I epr esents tht C O Z ~ ~ U L ~ I V I ~ ~  ~lu-obs the trans- 
se section, I c , pa~nllel to the f~h rc \  Thc \ ,ilue in the 
m d  ron represents t h ~ t  111 di~ection 11or1lul to Imth thc I :111c1 
f ib~r:  svll~le the value In the thlrtl low rep~csent \  thc co r idu~ tn~ ty  
dlrectlon normal to the fdxe but p ~ t l l e l  to the r q s  

Tlle table Nos, 20 to 23 gibe the results ok the ttmper,lture 
ation of conductnr~ty and the c u ~ v t s  ~n fiqures VII  to IX leprcsent 
results gr,iph~cal ly 
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TABLF XIV 

Phewnal Co~lzdztctzvzl y o j  ' Tej mznaka Tomentosa ' 

act oss in cm ness 

Tiansverse 10 75 0 37 ctn 98" Oc 

Radial t I 0 3 3  1, ) I  

Tangential ) )  0 2 3  7 )  ) )  

Dlrectlon Diameter 
across 111 cm 

Transverse 10 75 

Radial 1 1  

Tangentd 1 1  

! Conduct1 
cal cm 

-- 
Conduct~ 
111 cal crn 

88" Oc 

91 3c 

89 6c 

TABLE XVI 

6 26 x 1 

3 23 ,, 
4.14 ,, 

Direction 
across 

Transverse 

Radxal 

Tangential 

Diameter 
in cni 

Th~ck- 
ness 
\ 

0 41 cm 98" Oc 

021 ,, 
O 32 ,, ,) 

Concluctl 
n cal cni 
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T ~ B L E  SVII  

T h e )  mnl Condlicft cltg of Wnlhe7 gin La f t j d t c r  ' 

TABLE XVIII 

-- 

Diameter 
S S 
(Ion I 111 cm 

erse 10 75 0 41 ~ 1 1 1  98" .ic 8-4" 2c 
r- 10 ' 

1 1  1 1  , ,  ( 6  6~ 

ha1  I !  J I ,, 79 lc 

TABLE XIX 

erse 

- -  

e r s s  I l o  75 I o iti a n  

1 0  75 



Dl1 ection 

Along F ~ b r e  

1 1  

I 

)1  

Across F i b e  

) J 

) 1  

1 1  

L ~ m i t s  of Temp 

-- - 

Mean Temp 

-- - - 
Conductiv~ty 

cm cal se, 

000586 

-000615 

~000631 

000648 

000296 

000315 

000317 

000337 

TABLE XXI 

Dl1 ectlon 
- 
Along Flbie 

9 1 

) )  

1 1  

Across Fhle 

1 )  

1 1  

I I 

Limlts of Temp Mean Temp 

G O  0 

88 4 

131 5 

174 4 

61  2 

83 3 

125 8 

167 2 

Conductlvitj 
cm cal set 



Along Flhre / 49 8- t iS 5 1 i 9  1 
I 

- - - - - -- -- - - - - - -- - - -- 

I I  69 6-105 S 

j 1  9s 5-160 0 

7 1 120 0-218 0 

Across Flbrc 49 5- 70 5 

) I  67 8-110 0 

I 7 93 8-164 0 

1 1  121 0-219 ti 

Dl~ectlon , Llmits of Temp 
1 

TABLE XXIII 

Tlielmnl C'onclz~ct~v~ty-Vn:,rntzo~~ zulth T%vt2,-l;)nZb~?g/n Lnt(J?dta 

/ C o n d u ~ t n ~ t j  HI RIean Temp , 
GI11 ~ d 1  \ e ~  

Dir ectlon 

Along Flbre 

> I  

Across F l b ~  c 



TABLE X X I V  

T h e ~ m a l  Conductzuzty-Varzatzon zozth Temp -Teetonu Gyanc, 

Direction 

Along Fible 

I 1  

I I  

1  1  

Across Flbre 

) I  

I 1  

I1 

Limlts of Temp Mean Temp Conductlv~t 
cm cal s, -- 

000679 

000731 

000741 

00075E 

00050: 

00048: 

000517 

000524 

TABLE XXV 
Thermal Condzictzvzty-Val satzon wzth Temp -Bombax MaZaba~ 

Directloll Limits of Temp 

Along Fibre 45 2- 6 9 4  

11 62 2-111 6 

11 84 1-167 5 

11 112 0-222 0 

Across Fib1 e 47 0- 73 0 

17 64 0-113 5 

1 1  85 8-170 0 

Mean Temp Conductivit 
cm cal sc 





3 THERMAL EXPANSION OF WOOD 
For measuring the theirnal expanston of wood, an oy 

lever was ernployecl to magnify the expans1011 The lnllror stag 
fig 10 was supported w ~ t h  ds ftont leg restrng on the top oi 
specimen and its leal legs resttng on a hoiizontal nletalllc plat 
clalnped on to a tubular retort stand I' The specimen, 111 the 
of a rectangular rod, about 20 x 1 x 1 c m ,  was placed Inw 
specially constructed heater The heatel consisted of a reclan) 
copper tube C open at both ends on whlch was wound a LHII 

layer of 'inonel' ~esistance wrre wtth a ihm leaf ol inica lnsulattq 
bare wlre fiom the copper tube The heating element was wra 

up In a th~ck paddmg of asbestos past( 
the whole allangement was she, 
rouncl wlih a wooden t t h e  T, which 
ved to hold the heater clamped vel tl 
The bottom end of the spectmen v 
was just projecting out of the heater 
resting upon the hollow base B oi 
~ e t o r t  ~ t m d  A cu t~en t  of cold water 
led into B floin w h e ~  e lt Rowed mlc 
v e ~  t ~ a l  pllla~ P and was led ofi flor 
top to the sink Tlu\ curt ent of 
water llelpecl to keep the lest oi 

FIG 10 a p p a ~  Litus at constant tempel h i  e 
the heatet was iaised to different temperatmes, so that the ch 
of leaclxng obtamed wlth the optical lever wcis due to the expans1 
the speclmen only A piece of asbestos boaicl wtth a squale 110 
the centre for the spectlneil to pass through was placed on the ba 
below the heater and served to p~even t  the coolmg effect oi 
current of water from reaclmg the heatet 

A prelirnlt~ary expertment was coi~ducted to see how 
~t would be necessary to heat the specmen befole it would as: 
a uniform tempei atul e tl~roughout its bullt. For this purpose a s 
men of ' Boinbax Malabartcum ' which IS known to have the pol 
conduct~vlty was plepaled out of a transverse sectlon of the v 



narrow hole of about 1 5 mm d1amett.r w ~ i c  1sorc.d ,dong tile ,exis of 
c sp~cirnen down to thc mlrldle rd ~ t s  leiiqt-11 , ~ n d  a~ tlny drop of 
ercury wa\ put at thc bottom of the llnle TIic \pec~nlcn W'L\ thcrt 
aced ~n\rdc the heater m d  one j u n c t ~ ~ i  of ,r thcl mn-~ouple, rntit2e 
I of t no  wires of S W G 40, of copper m i  ccln\t,uit:in w,~s introtI11~~ ti 
to the holc so as to keep the junct~on c11pp1nyr in the tIrol> of ni t rmry 
the bottom The thermo-couple w,ts c,rrr~ccl ,it the t nd  of .\ lnng 

In rod of ' Bomb'tx Malabariiui~~ ' with tlw w c > s  t unrllng str,uqht 
)mn through grooves on the s ~ d e  of the rod Thc ch,umt.tcr ( i f  the 
~d was verj  n e d y  equal to the dia~neter nf the lirtle in the specmcn 

that the rod pushed down nearly to thc hottam of the holc scrvccl 
restore condttions approxiillat~rlg to those of ,t \olltl rod The 

her junct~on of the thermo-couple w,t\ 1t1 ~ o n t ~ t ~ t  with thc copper 
be of the heater a t ~ d  the thernio-~urrcnt w</s I t x i  oft on sensrtit e 
lrror galvanometer which LVLL\ suttLhly sliuntcd In the early st'tges 
the heatlng and which was sens~tite enough to ~ndicntc a clilteren~e 
less than 1°C between the two lun~tions a h t n  the sliunt w,ts 

moved It  was found that, after the hpse of four hours ot ~ o n t m u -  
rs hentlng, the the1 mo-couple indicdted m e q u ~ l ~ i ~ i t i o n  of tempern- 
r e  to w thm about half a clegrce centlgl'de between the core ,tnd 
le surface of the specimen In d l  sub\equent eqxxrments, the 
bad~ngs of the optlcal lever were taben twce after the lapse of four 
mrs, w ~ t h  an mte~val  of hdf ,111 hour between the t n o  lerrd~ngs 
he fact that the two readings were the same served furthtr to show 
lat the expansion llnd reached a steady v;lluc 

Slnce ~t was intended to study the \mdtion of thermal 
pansmn wlth temperature, the heater was pret iousIy caltbrated b j  

zsslng various knoan vnlues of the hentlng current and notmg the 
la1 steady temperatures attamed wthm the enclosure The tcm- 
:rature xnside the enclosure was read off b ~ .  nlearls of a nwcury  
iermometer suspended ~nslde .iv~tl~ a pluq of cotton-wool stulfed lute 
le mouth of the enclosure to prevent conv~ctlon errors The 
e a t q  current was registered b) me,tns of CL i- t~~ll~~~tnnxetcr w t h  
maxxmurn range of 500 mA kept permtnentl! conntcted 1x1 thc 

~rcult Sxnce the current ~t a ,is Ili,zt tv,ls ,rrljt~stcrl to secure 



different tempel atures and vAues of the cut rent llad to agree 
the divistons of the rnillialzuneter scale, xt WCIS not posslble to sc 
any previously spectfied tempet a t u ~ e  no1 str~ctly unlloim tnterv; 
temperatut e The temperatures resultmg flom sult ablc adjustn 
of the cuirent: hl~d to be employed 

In  the course of the cxpertment, as ex11 specimen 
tntrocIucecl into the heatct and the experiment started, almost 11 

ably there was contraction with rise ol tempel atui e which we 
mcteasmg till about 100°C It was s~zspected that thls contra 
was a spurlous phcnoinenon apparently due to the s l~r~nkage cd 
by the loss of nloisturc on I~eatlng To test out tlus pomt 
spcctmeil was left inside an air-oven previously for about SIX horn 
102°C and t l~en  quickly t~ansfelrecl while hot mto tllc cold appa, 
and then allowed to cool inslde the nppatatus overnight, wit11 
mouth of the qpara tus  tled down with a piece of filter-paper 
next day the experiment was started after removing the filtel-1: 
and putting the optical lever m position A Img of cotton 
wrapped round the top end of the specimen wl~ich was just projec 
out of the heater cut off convection effects It was then notlcecl 
the speclmen showed an expansion w ~ t h  heating fiom the start. 
process was therefore adopted in all measul einents and so the va 
given coitespond to the perfectly dry condition 

The maxlmurn temperature up to wluch the measurement 
carrled out was about 200°C. stnce it was feared that prolor 
lleattng above this temperature might affect ike nature of w 
Thiee specimens of each t lmbe~ were employed for the meas 
ment The first belonged to the longitud~nal cln ectlon, the sec 
to a trar~sverse direction In a tangent~al plane (1 e , from a flat s 
board) and the thud to a transverse dlrect~on in a racl~al plane ( 

from a quarter sawn board) 

The following tables Nos 26 to 31 give the values of 
thermal expanslat1 of the different woods as rneasuled by the ab 
met hod, 



31 O0-90flC 
--- - - 

2 01 x lo-" 
18 30 x 1V6 

17 20 x lo-' 

TABLE XXVIII 

1 33 Ofl-90°C 
- - - - - 

ngcntzal Lumj~tr~dannZ 
Sec than 
rallcI to Fibre 2 15 x 10" 
ross F~bre  . 15 70x 10" 
dm7 Long~tudmal 
Yet f zon I 
ross F ~ b r c  1 14 86 x 10" 
I__ _ _ I _ - - -  I --7- - 



TABLE X X I X  
Thernanl Expans~o?t of ' Dalbe~gm Latzfolm ' 

_ _  _ ___ - 
Tang e ~ t s a Z  Long tt udanaZ 

Secdzon 
8 

Parallel to Flbre . 
Across Fhre ... 
Radzal Longztz~dznal 

Sectson 
Across Flbre . 

32 0'-90°C 

1 6 7  x lo-" 
13 37 x lo-" 

13 10 x lo-" 
- - - - -  

TABLE X X X  
Thermal Expccnszon of ' Yectona G? mzd~s '  

Tangentzal Longztudznal 
Eectzort 

Parallel to F ~ b r e  .. 1 8 9 1  x lo-" 
Across Fibre . . 20 660 x lo-' 
Radzal Lozgztud~nal 

Sectzon 
Across Flbre . . 19  320 x lo-" 

- --- - 

TABLE XXXI 
Thermal E~panszon uf ' Ronzbaz: Malnhnl zc unz ' 

- \ -- P 

28 0'-90°C I 90'-138'C 

Tange&al Lonqztudznal 
Bec tzon 

Parallel to Fibre . .  
Acl oss Flbl e . 
Radzal Longztu dtnal 

X~ctzon 
Acl oss FI bl e , 
----- 

- p - -- - - --- - 

240x10'" 
27 10 x 9 33 x 

2530x10""  



C R A E ~  LEK HI--THE CONSTITUTION OF 'rIhIT3ER 
PHYSICAL AND CIIEhIICAI, 

The results of the ~nvest~;r, t t~or~s ~ n t o  the el,ist~c ,~nd  tllerm,il 
operties of wood whch have been recorded in  thc pleviuus ch,tyter 
:ve ~eve,ded the anlsotropi~ clinracter of wood In v ~ c h  4 clear a ~ i d  
)n~prehenslve m ~ n u c r  that it 1s no longer posz;lhle to consider the 
1ectlo11:d ~ d r l ~ t t ~ o n  of m y  property 'is, ~ndtter of fortu~tous arcum- 
mces Indeed the Ixge  ailcl well-~oorcl~natecl vdr1,tti011 of property 
~ t h  chre~tion in dl the c ~ s c s  studled suggcsts ,L d e ~ p  seatecl uxlifyil~g 
use as controlling m d  determining the degree a d  ndure  of the 
motropy of wood It  1s ev~dent t h d  A cause which c,in thus 
liformly mfluence such fundamental properties ltkc elastic~tv, 
ernla1 expansion e t c ,  should be mtirndely ,issoc~'tted nith the 
ture and co~lst~tutlon of wood and so, In o ~ d e r  to he able to rntu~pret 
2 experimciital results obtained, it would be neces\,my to dr ,w 
,on both the pliysicc~l and clleil~rcal corzstrtut~orl of wood An .ittempt 
s been made to elucdnte the constltutmn of timlwr and tht rest~lts 
such an ~iivestqpt~ons form the sub je~ t  t~u t t e r  ot the present 

apte r 

Tlie plxyslcal const~tut~on of t~ trzber I ~ t s  been 4ud1ecl both 
>m tile microscopic pollit of vlew m d  the X-ray pnir~t ui view n h l e  
:: cllelll~cdl constitution has been studied with '1 T len tc~ cletel ~nntt. 
.: per~entage co~nposltlon of the major ~u r~ iyo~~en t . ,  ot wood 



bound togelhcl rn dmost patallcl bundles by folces paitly me 
and parlly physico-chemicd l'hc m o d  mpol  Iant among thest 
are the ttLxcl~elcls, fibres, vessels and bast Of these tllc tr 
are mportant from the pomt of the glowlh of the tree w 
fibre 1s iinpoltant floin tllc point of view of lnechatlrcal E 

The fibtes ale sllnply the post-moltem state of the trachelc 
the IzlCtel, clue to Ilgnifica~ion and thlcken~ng of the walls, llad 
their utlhty as ti-anspoite~s of food matciials of the plant 7 
differs from the wood fibies only molphologically 111 that the 
found outside the cambmin ot the actlvc giowlilg part of 
whlIe the fible5 ale withl~l the c;m~bium In svlzat mlght st 
callecl the stem or trunk of the ti ce , so that f s  om the point ot 
the pl actlcd ntility of timbei as a bu~ldlng inatenal, bast is 
little stgtuficance The vessels, also called pores, are long tu 
qutte thin walls, svhi~h ale found throughout the stem, wllic 
to transport .cv'~tel nlld otlm flulds cluiing the hfc of the i 
whrch become places of ~lzechan~cal weakness ln the dead 
Obvlo~lsly the gleater the sue  and number of these veswls tll 
will be the nlechallical stlength of the tunbcr 

TIILIS lrom the polnt of view ol the present ~tlvestiga 
fibre 1s the most mpoitant f a~ to l  wli~le the study of thc 
dlstrhutlon of ihe vessels will ~ndlcate theit genetal e n e ~  
conclusions dl dwn f i  oin the d ~ d y  of fibres Ev~dently the1 
is a matter of great imp01 tmce to kave a c o l r c ~ t  Irnowlecl~ 
structure of the woocl fol an mtespretat~on of its pllyslcal pl 
The niethods of sectioning tlmber in orclci to study ~ t s  
constltut~on have been developed by vdl~ous w o ~  keis but 111 

methods, laborlous and pot1 acted pi elirnlnai y tl eatmcnt of t 
m various llqulds Idre nitric u d ,  Ilycllo-fl~1011~  id, alc01101, 
canaclabaIsam or collodion 1s necessaiy followed by varlous 
of s t m m g  Whatever might be the chances of ~hemical  nc 
being altered by these processes of ple-treatment, it is evl 
m the case of woocl, a lnaterlal chatactelised by strong 
powers and g ~ e a t  molsture absolptlon with consequeilt large 
In phys~cal properties, 11 would be preferable to mold such 



nal y t~ cat~nents  K ~ s s e r ~ '  ln G e n u m ~  ,ind Crrm ell"' 111 Arncric,~ 
almost sinmltmeously developed s ~netllod of stclionuq wlthotlt prc- 
treatment, W ~ I L ~ I  ~ ~ l l b l b h  111 n~~vmtrlg hot w&tcr ui i i c t  5ttain to plaq 
upon the \pecmien tdrhrle ~t 15 tmng m~crotomccl T h ~ i  mctjtlot2 tllcwgll 
quxckel and less llkcly to cause large cllangcs 111 tilt +-ucturt, 14 not 
q~ute suited to the present ~nvesttgation on account of the ~ l c t  t h d  
the specmen clurlng cutting 1s kept hot and wet, two condtt~on\ 
whtch contribute to large plast~c deformation m tirood So after 
vartous attempts, the follom~ng dlrect method of sectlor~irlg mas 
employed and g'ive thoroughly satisfactory sect~ons of ,dl the n oorts 
studled 



growth, so that a section par allel to BC and pel pendicular to AB 
would be lluly a tangential longitudinal section A h e  BE m- 
clined at an angle of El om 30" to 60" with AB was ilzarkecl on ABCD 
alld the right angled p r i m  BCE was cut off with a fret-saw The 
harder the wood, the smaller was the angle ABE This wedge- 
ended speclnlen ABED was clamped 111 the specimen holder of a 
microtome with the edge BF pojecting about half a cm from the 
holder The specmen holder was so adjusted that the edge BF was 
vertical whlle the eclge AD was fiori~ontal and in the plane of 
movement of the rn~crotome Tlzus the knife whose edge was set 
parallel to the plane of motion of the ~nstrument, took off truly 
tangentla1 long~t~~dmal  sectlons out of the specimen 

Foi radial long~tudinal sections, the prlsm BCE was moullted 
in the holder wdh the eclge BF vert~c,d and the edge CE horizontal 
and parallel to the eclgc of the cutting knife 

For ge ttmg 11 msvei se sections, c~ rectangular parallelopiped 
ABCDLGFM (fig 14) wds chosen from a longitudinal section 
with AB parallel to the fibre AB was about 3 c n ~  in length while 
BC and BF wele each about 1 cm A h e  BE at a1 inclination of 30' 
or less with AB was rnatked and the ptlszn BCE was cut off The 
wedge-endecl plece ABED was mounted on the ~nicrotoine wlth BF 
vertical and AD hot izonlal crnd pdidllel to the knife-edge so that t~uly 
transverse sections wele cut ofk by the ~ a z o r  

The rniciotorm e~nployecl was a lalge one of the Leila-Wetzlar 
pattern with a very hefty r u o l  and the auiorn,ltlc cross-feed was 
adjustable for varlous thxclrnesses fiom 1 to 2 5 , ~  Most of the 
sectlo~ls prepared fol the present investigation were about 5 to 6~ 
in tli~ckness The first few sections being too narrow were discarded 
and the best out of the wbsequent hfty ox slxty sedions were chosen 
No kind of lub~icant or wetting was ernployed The sectlons, as 
they fell from the lam- ,  were collected 111 a small w,ttch glass and by 
exdmining with a low power pocket lens, a clean u~lbroken section 
was transfe~red straight on to n slide and coveled w t h  two drops of 
a thm 2% solution of Canada balsam in xylol. The sect~on, which 



tlnles curled up ~ I I I I I I ~  ~ I I L  ~ ~ l t t l n g ,  \tr.i~ql~tcq~etl ciui i ~ , l t i u -  

e ~ippl l~~it lon of the h d w n  solullon mtl i ~ n ~ n c d ~ , l t e l ~  ,rfter- 
cover slip mas plhced on the i ld -yae~i i~~er l  m r l  frrml> 

tgamst it so as to squeeze out the h:~lsam so1utln11 tci the 
minlnlutn mc;lcle The slide n ,is then left on t l ~  crut41dt uf a 
a temperature of about 40°C for 'ibout tlncc or tour rl,~)', 
time ~t dried up quite wcll I11 t f i ~  Lnst i ~ f  D ~ l h e ~ g l a  
and 'Termmalia Tomentos,l' ,L few drops of ,kh\OlIIk d ~ u h c ~ l  
o thc section before the addltioli of t h ~  h d s w i  sulution 

dlssolve away much of the L O I O U I ~ I I ~  matter le,~ving tht 
lear and transparent 

B RESULTS AND CO~CLUSIOZS 

loto-rnlcrographs, Plates I to VI, of these section\ nerL 
dh a Winkel-Zeiss Petrolog~cd n~lcloscope CIds5 Y I  3I 
ctures were taken w t h  unpolxrwd 11gl1t n hilt: tor s x n e  
larised hght with Nicols set at v;iiiou\ angles of c roswg n as 
i to wcure the largest ,tmount of d e t d s  ln the plwtugr aphs 
ce of ~llununation n as A gld\s-mercury lamp n how I~ght n as 

hrough a green filter The photogr,tphs wert ,111 t,ikcn on 
:pid paxliromatic plates at two mngnlf~~,ltion ratios, the f m t  
,ind the second &out l2U Thc 'i~tu:rl in ,~gni f~~,~t ion  ~i .is 

t by photogr:tphlng on the same s ~ d e  ,L stcrnclLt~ cl Cal l-%t I \ \  

Flom the ncgatlves thu5 obtamtcl, the fhre  cl~mtns~ons 
rsured and the reduced v,rlues 1 e , tht  actu:d dirntnslo~ls ut 
are g iwn  in the  follonlng t ,Me It is, okcourw, ~mpo\\ihIe 
any unlforrnlty of slit: .mong the fibres so tllllt thc Q u ~ s  
the mean of 'it le,v,t thlttj ~ne~islzremcnts for e d l  The 

mensions of ~ncln idud memhcr \ might 1 ,q 11 lt111u dtout 
LC me~ln vdue on eitlltr \iclc PI,&.\ A I L  pliot~lq~lgrhs ot t l ~ r  

~bt~tiilecl 

11 exaniind~cm uf the I'ltoto-miclol;1,ipI1~ let e,tJs ~ c ~ y  \trtkirig 
lstlcs of the structure uf tht  v,ui/ius t i n h r  4 JYlulc. tI\t 
' Termi~~,tIl~t T ~ n i e n t ~ s n  ', ' TCI l ~ l ~ n d ~ r t  I JC i~~~u l , i t 4 t  ', -11 to- 

3,rrsutd' and ' Tectona Grdndls' arc- of the s m r :  order uf 



TABLE XXXII 

Name of Specimen 
-- 

Terininalia 
Tomentosa . . 0 6 5  0 01 5 

Terrnlnal~a 
Panlculata ,.. 0 55 0 025 x 015 

Artocarpus I-Ixrsuta 0 80 0 040 x 030 

Dalbe~gla Latifolia , Twlstecl 0.20 Irregula~ 020 

Tectona Granclls . . . 0 48 0 018 x 010 

Bombax 
Malabar~c~lm , 0 5 0  0 I 

055 
----- 

- ~hicl&ss of 
Flbl e Wall 

magmtude 111 length am1 cioss-section and all of them lle w~th  the~r 
entiie length 111 the same plane, the11 d ~ s t i ~ b ~ t i o n  and a~~angelnent  ale 
cliflerent 111 the diffei ent tlmlsei s In ' Tel mmal~a Toinentosa,' the 
i i b ~  es I un contl~~ually changing from s d e  to s ~ c k  of tlic llurnelous 
rnedulla~y rays that occtxr in gl eat profus~on m ihc tlrnber wlth the 
~esu l t  that any one i i b ~ e  is clisii~~ctly oli a wavy folm and assocldted 
w1th at least half a dozen gioupsok medullary lays Conseq~lently 
planks of t h s  i i inbe~ tdkell out of a tangential longituclm~~l sectloll w~ll 
be well adapted to r e W  spldlrng 01 w aclrxng This cdvantage xs how- 
eve1 off-set to some extent by the Iact illat the vessels ale large and 
cliffuscly dist~~butecl llberdlly throughout the section and each vessel 
is sul lounded by a Llyei oI soft t~ssue FLU tlm- the irar~svcrse dm- 
metes of the poles is quite often inole than twice the clislance bctween 
acljacent lzleclulla~y ray-buncllcs so that tllm planks xn the tailgentla1 
plane are liable to crack cluc to fallure at the vessels It IS, the~efore, 
necessal y to use faxlly thxclr planks where clui abdity IS a plllnaiy con- 
s~cleration This explams the uns~i tabi l~ ty*~ of tlm linlbcr i o ~  1 otal y 
veneer cuttmg, though, on clccount of ~ t s  dalk coloui and close g r m  
wlth coxresponclmg cdpac~ty f o ~  iakrng a h ~ g h  &glee of polish, ~t can 
be uirllsed xn veneer woik ~f sawed or slxced. 



111 'Terinmnl~~l P~~lrcul,~t, t '  tlic hhrc\ A I L  lung ,ialtl tl;llt llril 
d~ \ t~nc t ly  clllptic 111 sectloll The meclull,~ty i ,n i ,lie cd i t  rc gnl,r~ 
sh'tpes ancl sizes and d s o  in  egulnl ly cli\t~ ihutcd 'h, w-,it l> ,ire 

1'11 gel nurlierous and dif-luse and WI r ounclccl 1,) hc l t  t t13-m \ 111 

a~coun t  of the nuinbtr, \hape arid d~rtrihutlon of t l ~  mtdull,t~ .r I ,r\ \, 
cluarte~ saw11 planks are l~kely to prcsent a 1 ~ t t t 1  , q ~ . ) ~ x i i ~ w ~ t  t l ~ m  &it 
s m m  ones and are also likely to pol~sh better 

'A1 tocarpus Hirsuta' has the lonqc\t i ~ b r e s  ut ,111 the tlrnbel- 
-studied in the piesent investigation and the ilbrcs . u ~  n ,w in h p e  
and more or less rectangulx In iettlori Tile i d m s  henel tourd  
the nicdu1l;li y I itys which are'not c p t e  \o numercms ,t\ in tile p e r ~ o u s  
vaiiet~es The vessels are of m ~ d m n l  w e ,  111 cqul,it 1) h i p c d .  ,rmI 
arranged in rings cliarxterlstlc of ring-por oris n ood Tlic long 
fibres, the wavy ~imhdlary  rays mid the ~ o ~ i i p , t t , i t ~ v c l ~  sni,Jl ~ L V  e, 
f,lclhtate easy morkmg of the t ~ m h e ~  m d  also en,hle it tii t A e  ,\ 

high degree of polisli The ~ o m p ~ ~ , h v t l y  s c d j  er~iluur:t ot rntclul1,q 
rdys enables the wood to split e r td j  in tmgentld p l m ~ s   id i b  thei C- 

fore wldely applied In the n~~mufacturt  of splmts ,ind 111,itch-~OAL.; 
It  is also likely that the trunk mdI be surt,d.de for r c ) t , l n j  i c ~ l c c l  cutting 

'Tectona Grand~s'  IS dso of the nng-po~nu\ type with ~ ~ l h e r  
small vessels whobe ctlainet~is are okten kss tti,211 hd1k the (1isi,11i~e 
between the rays The fibres are lung ,tiid 41,ugllt ,md ot elllptic 
section of f,tilly ~ ~ n ~ f o r n i  size The r~ i cch~ l l ,~~  y i ,LJ s ,tr L stla~qht, 
u~ l i fo r~n  and in ldrge layers in '1 clirtction p,rr,~llel tn the \tent \o 

t l ~ ~ t  qu;lrtel sawn plmk\ present ,i ve1J I.~t,tutrful s ~ l v e ~  q r m  
The wood is quitc close-grctitied and w t,thes ,i high p d ~ s l i  Strmtur- 
ally it 1s admirably suited f o ~  iohtq tcneer ~uttlrrq for ply.vtt~d 
rnaklng Since both thc 111>res ,ind the r+ ,tr cr running cil~nost c;lc,id 
slr ,ught, the timber is I ~ d ~ l t "  to '~pllt c t w n ~ l t ' ~  t l ~ l r ~ l )  IIMILI il~ecll trm.tl 
slioek, a defect ~ h ~ h  h l i ~ ~ l i I  he gu,rrd~cI riq,111l\t e s p ~ ~ 1 ~ 1 1 1 ~  111 tilt' 
cleslg~i of r d ~ l w ~ ~ y  Larriages foi which the t in~bet I\ gretitlv e111p11,~eci 

In 'Dcilbergl,t L1ttlfoIid1 the structtir e IS dlstl t l~I1~ d l f k r ~ u t  
from all the previous u11cs The fibres tl~rrugh Ions C ~ L  y\rrLtl 
sIlaped and st1 ongly ~nterlockecl Tilt: nzt.rluIlary I , ij  5 .tr e lrr 



sinall lens shaped cluste~ s extr eilxly ininlel ous and ex 
ila111y uniformly d~stl~butecl The vessels ale thin m d  scar 
oc~asion,~lly contain some les~nous 01 ~ ~ y s t d l i n e  rna tc~~a l  On.  
of the sp i~a l  shape h l  s t~ong interlock~ng ol the f113res, the 
makes excellent turnmg mderial and is used f o ~  all k ~ n d s  o 
mental Carving I t  1s next lo impossible to enlploy 11 for iotaly 
cutting but the sctwcd veileel 1s veiy often employed on accour 
beautd~zl colou~ of the polishecl woocl It wdl make excelle 
handles espec~ally for the ca~penters '  chisel since 11s stluc 
spec~ally s u ~ t e d  for shock-~esisting 

( Bornbax Malabaricum ' stands 'in a class dist in~t  f i l  

I est I t  has pi actically no fibres, strictly so called The lnec 
strength IS suppliecl by the wood pa~enchy~na  tissues, whic 
developed a septate structure fol increased st~ffness Eacl 
has four compartments anci is fusifoxm in shape A tangentia 
tudmal section piesents an extraordi~wily beautiful app, 
consisting of very regu1,uly ari angecl spindle shaped parer 
tissues, ex11 quad~u-septate m d  of an allnost unvarying s 
shape The ratio of length to closs-section of the tlssues 
much smaller in tills wood than 111 any other whde the c 
th~clmess IS almost of the same order of magnitude as I 

trmbers The illeclullary rays a1 e st1 clight m c l  1 egulal a11 
uniformly d~strlbuted The vessels a1 e scanty Lmcl of inedu 
where they occur On account of its non-fiblous ndtur e the 1 

very easy to work, espewally, on the lathe ancl 15 employed 
making Its llghtness and easy workabrldy make it part 
su~table for malring matches and the compai a t~ve  scarclty 
pores lender the lmtches free from the defect of bnclr-hrxng 
ever on account of the veiy weak cell-w'ills ancl the large 
cell-cav~t~es the woocl is specmlly inv~ting to bo~ ing  ~tlsecte 
large open stluctule of the limbel offering CLS it does pleiztj 
space inslrle rendels the woocl LL good heclt ~nsulaior dnd ~f a 
preservative can be employecl to keep oft boxers, the wood wl 
excellently for thermal insuldtlon 



The ~nvcst~gatmn of the ult~matc .u ~ h ~ t e c t u r t  ot rnntter x'; 
cnpnblc of y~elding very vnludde ~r-~korin,tt~on oil such st1 t t ~  turA 
propcrt~cs '1s e last~c~ty,  terlsile strength c t~ ,I+ hlch clcpcnd upt,n tllc 
number, ortier .~nd I~nklng of the vmous atoms and n~olccules t l~nt 
make 1113 tlie material Such ,in ~nvcst~g~itlori to he of m,turnuni 
utrllty is best l~ncler tnker~ in the c ~ s c  of wnplc sut~starlcc*s u lierc t l l ~  
ord t r  and clisposltio~~ of the atoms Larl 11c c,tlculattcl frr~m the ti11st~1- 
vations ~ornpar~l t~vely  ellsdy Wood on t l i t  citlicr 11,ind 1s u ~ c h  '1 
conlpl~catc mixture of mtrinslcally ~onlplex whtancct ,  t l t d  xt I, :1 

matter of t e ry  great d~fficulty to i ~ i t e ~ p r e t  t h ~  ~ c w l t s  of utch ,ill 

investigation It  is why an X-raj xnvestigat~on of tvocttl dltl 110t 

achieve much pr agr ess tlll after the techn~cnl tnterpretdlon of S-I ,iy 
plctures had been e l u ~ ~ c l ~ ~ t e d  by a Ixge  amount of work oil slu~plc 
~norganic crystals 

Ambronn\in 1917 first suggested the e\,rininhon of .(sunti hy 
means of X-ray? foi ~ t s  crystalline coxist~tucnts aticl 111s suqgcstlon IIJA 
been followed LIP by amrx1-w of workers As ,~ l rc ,d j  ment~onecl, 
the most important woik 111 thts co~lnectioii I\ t h ~ t  of hle yet ,tncl XIm 1; 
who not only establ~shed tlie erjst,tIlme dlIiracter oli ctllulo5i In nuod 
but mxle quantitative ine,icurements ok thc uillt ctll m l  its ol~cnt,ition 
For obvious reasons, hon ever, thew work n as ~cmfiiltcl to E L I ~ O P C : ~  
tlmbers only A smul,u- piece of fnrrlj comprehens~ve \tructural 
arlalys~s of woocl for Japanese tmbcrs  lids been clont. 1>otI1 h\- t l ~ c  
X-ray and opt~cal bmfringence method\ hg N,~gds~tw~t '"~ The a111110r 
1s not aware of any X-rny studies of I ~ i c l ~ ~ t i ~  t i~nlwr\  tlli N A ~ L , ~ n t a r ~ ~  
~nvestigatetl teak wood dt BangCtlor e 111 1!):;7 13y a scrlt s of pre- 
treatments and successive tl~in~n,ttions nf clllt~rerit cnnstltuc.nts of 
woocl Xll,tkarlt;m 11,lr in,lde ,t .I ,~Iu,~hle con11 llmt~f m to c knnn ltclgc 
of t h t  st1 uctm t: of tc&-nood I ic  Ir,ls ,ilso Iwtil : M e  to t-ddd14k the 
amorphous naturc of Kittet 's I ~ g n ~ n  constltut~llq tltc 11l1dilI~ I , l t ~ ~ t l l , l  111 

wood Fail  l i ~ s  mttlt  ,t stud\ nf t l ~  5t lu~turc m d  eox1\lltltt1~)11 of pl,mt 
cell menlbrnties mlutlinq c tittrm ,mtl n t rod i ~ l ~  es t ~ o t l ~  I n 7  thc* S-1 , ~ y  
and opt~c,tl nlcthods Ater \ moub d c g r ~ c s  (sf s u ~ l l ~ n g  met .L b ~ ~ e f  



report of 111s conclus~ons can be found 111 ' Nature 14"e 
the .itate of lrnowleclge on ~cll-wall s t r u c h e  In plants, Frey 
mg4' has crltlcally examined the conclusions drawn by X-ray 
ancl swell~ng methods He has polntecl out the great posslb 
X-ray mvestlgatlons of t~mber  both on the quant~tat~ve and th 
tatlve sxdes Even when quantitdt~vc ~neasulemcnts are not 11 
an X-I ay ~nvestrgatlon is capable of ping 50 much ~nformatlo~ 
st1 ucture 01 m , ~ t l e ~  neccssai y for the elucld;~t~on of 11s physlcnl 
tles tlmt 111 the pt esent ~nvcstlgdion an X-ray study has been m 
all the Indlan t ~ m b c ~ s  whose elastlc xncl thermal plope~tlc 
already been st~~cl~ecl 

The timbers wele not given any pre-treatments cxc 
exti actlon w ~ l h  an alcohol-benzene imxture Thc specimen 
all taken flom the sum me^-wood portions of tllc tangential sec 
the varlous timbers, in the folm of small peces  about a crn In 
and a mm 01 so m cross-sect~on These pleces were exti ac 
SIX to twelve hours with a m~xtule of alcohol and benzene Thc 
then drled and exposed with thelr tangentlal sectlons placed 
to the ~ncident X-rays Molybdenuni I<-iad~at~on was employc 
tube belng iun at 12 mA ancl 45 kv The period of exposui 
one hour and was fo~md to be the most satisfactory one for k 
down to a ininlmuin extent background scattering whlle, 110 
brmging out the crystal scattexmg 111 sufhc~ent intens~ty In th 
of ' Tectona Grancl~s ', 111 add~tlon to the alcohol-benzene ex, 
specimen, a plctule was also taken w ~ t h  a specimen taken OL 

plece whlch had been used 111 the thermal expel~ment and wh~c 
remained at about 200°C To1 abo~xt ten hours, so that any chan 
to the prolonged high tempe~ature can be  detected The 
d~aglarns of the vallous woods are glven In Plates VII & VIII 

An X-ray d~aglam of wood 1s capable of glvlag us 
valuable xnformatlon regardmg the orientat~on of the ce 
nlolecules In the f i b ~ e s  even though no measurements are m, 
deduce the atomic spacing in the crystal Idtice If the ce 
molecules are all arranged par allel to the cham-axls a hbre p 



w t h  clefinite spots is obtamed A regular , i t  r,~ngcinctit In ,I yur,t 
forill round the fibre-am produces a lengthen~ti: of the %pot, m thr 
fibre @tern res~l l t~ng  111 crescent sh,tpcd spats 4 ~,~nclonl cmmt 
atlon of the crystLtllltes glves llse to hdos or rings 111 the p,ttte~n 
Besicies, the pi escnce and quantity of amorphous m,iten,~l 111 \i out 
are revealed by the appealance ' ~ d  ~ntens~ty  of gtncr,11 11,rchgrtm~c 
illu~nmation in the picture 

In the llght of the nhove cu11siclerntlo11~ 11 i s  now pt,silt>le tc 
gnthe~ some ~nfornmhon on the stt ucturc of the I ,H IOU., t m i ' t ~ ~ r  
stuclled All the t imhe~s  hme g~vctl tlragr,tnrs w t l i  un~i~\ t ,~h,r l~ic  
spots and rings, thus revealmg that the ~cllulosc ir)~t,tllitr3~ whd 
followmg up a legular a~ratlgelnerit to a gre'tt extent ,ire t ~ c  

pe~fectly well-orientated The relative brightnes\ of tllc s p c ~ t ~  mr 
nnguIr a fan- index of the proportion of well-or1ent;rted ttr r,tndoml 
cl~\tributed cellulose crystallites From thls polnt of wen, ' JMherq~ 
Latifolla' and 'Tactona Grandls' s b o ~  very blight spots and ver 
faint rmgs sho.iving that a very l ~ r g e  bulk of the cellulow 15 p~ tsel 

in a well-orientated state The spots in 'Dalbergi,t I~ t i fo l i ,~ '  li,iv 
got a11 angular w~dtll greater than those in any otlitr t ~ m h t r  thu 
~ndlcatlng a sp~ra l  ari,mgement of cellulose In tills wood Thl 
spiral arrangement on a grosser scale is also tevealtcl I)? CE photc 
m~crographlc study of this wood In 'Artocarpus Hlrsut,rl ther 
1s hppa-ently a laige amount of disor~entatlon of the crystallxteb, 
evidenced by a large relat~ve intens~ty of the rings The a~igul~i  
width of the spots given by 'Terlninalla Tomentosa' 15 .i ery s m d  
showing that when the cellulose 1s arranged nt all, lt 1s rtrrangc 
perfectly pcuallel to the fibre-axis, while the p l e s e r u  of the rnip 
~ n d ~ c a t e s  the exls ten~e of a certain amount of randomlj cli~tributc, 
cellulose 'Bombax M , ~ l ~ b a r ~ c u m '  11~1s glvt.11 nrctik spot5 ;u~cl rr 1319 
n ~ m b e l  of unlforni rlilgs on a clifiuse bnckgiound T111s S ~ O W  

that a Luge plopo1t1011 of the cellulose xrx thrs wood 1s r -d l r l rmd 
cli~trihutecl The dlf-luse scattering giwn hy t h n  ~vuod 1% intt.rc4ln 
In that usudly cliiiuse scdterxng is due tu  :murphuns ~ m t e r x ~ l  FIOI 
clleimc,tl m,tlys~s tli~s woocl 15 known to cont,t~n only a te l  y s ~ m l l  per 
wntage of 11gnm , ~t 1s T Y I ~  llkely that the drftuse s~~ttcrlti;: 



due to the large hemi-cellulose content of thls wooc 
thus appeal to be clehnite evlclcrlce of the usu,dly ;\LC 

natw e of henu-cellulose In conclusion, a cotnpar 
Plate VII and iig 9 in Plate VIII ind1cate5 no gteat 
patterns I t  woulcl tllus seem to coniutn the conclu 
cally establtshed, that pro lo~~ged lleatitxg at 200°C 
m y  marked changes in the wood, 

3 THE CI~EMICAL CONSTIIUSION 011' T 
Wood 1s an intiinate nggt c g d e  of a Luge nt 

materials of wiclcly cliff el en1 cornpos~t~oil and p 
common feature oi almost ,dl the constlt~zents of w 
iesrstance offeied to the actron of conmoll chemic 
the consequent cl~fficulty of arrwing at any def 
legardmg their natul e and ploportion Also 11 ve  
that several of the consl~tuents have closely allied r e  
particular reagent so that it is very difficult to s 
constituents On account of these diflicul ties nluch 
on the chemical constitution of wood was con( 
percentage coinposition of h y d ~  ogen, oxygen, car 
111 wood rather than with the nature and propot ti011 
coi~stltuents of wood 

Most of the pioneering work on the chemlcal 
is due to the French school headed by PC~yen"", 
duitng the mlddIe of the last century By the encl 
other schools of chemists in England, Gel many and k 

ed stmilar work Cross and Bevan"', Willstater 
Klason4', Sch~llze~" DrdgendolfbO O Dore" lare JI 

more xnlportant woilters coilne~tecl will1 the Chetm 
these, Cross aiid Bevan and Wdlstater and Zechi 
in studying tn gieat deta~l,  methuds of tsolatto~ 
stiuctuie of some of the major constituents of 
inaktng a complete analysis ol all the constituents I 

other hand, Rttter and FleclrGa of the Forest 13 
made an extensive study of the total mdys l s  of 
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timbers accordmg to n scl~enle of work sl.trtcc1 f3y Sillorgcr .rrll~le a 
slm~lal kmd of conlplete analytical work has bee11 done for Europem 
timbers by Konlg and Becker6' 

As a result of such extensive work on the metllods of ~ h e m l ~ a l  
analysis a certain amount of well-establ~shecl systemntic hnonledge 
on the constltutlon of tlrnber has been obtarnecl T h l e  rs .;till :i 

large amount of uncertainty, however, as to how tlic c o n W x ~ n t \  ,uc 
actually assembled in the gross timber, whethc~ tiley ,ire ~hemrr  ,ally 
combined wxth one another or whether they a1 e held up ,tr, adsorptmn 
or mechanxcally assembled layers of one upon mother The r n m  
constituents of wood 111 order of abundance c m  he broadly dmdecl 
into three group5 (1) the polysacchande c~rbohydr:rtes, (3) llgrm 
and (3) a group of miscellaneous substances like ods, f,ats, rtlslnr, 
essenkal ods, pigments, tannm, certnm alkalo~cls and Itlorgmlc salts 

The polysncclmnde carbodhydrates n hlch fol m xledrlp ti5 to 70% 
of the bulk of tlrnber are the condensdlon products of two or more 
n~olecules of hexose or pentose sugars w ~ t h  elimination ot nnter m c l  
naturally yleld the correspondmg monosnc~h,t~ ldes on hydr crlys~< by 
suxtable methods The most important of these pol~s,eqch,tride tar- 
bohydrates m tlrnber 1s cellulose wl~leli rs t h ~  d~r~tccli~~rtcle of glncrlse, 
accountmg for AS much as 50y0 by weight of t m h e ~  The rxxt ln 
order of a l~u~lcl~t~lce IS an dl-defined group of suhdmcc s cLiwfted 
q e n e ~  ally as ' hcmicelluloses ' These ,ire the ~ondens~tt lc~n producti 
of hexosc ot lw thm glut use w ~ t h  't pcntose T h c ~ c  suh\tmces con- 
tam in addltion to the sugar groups an r i ~ i d l ~  pdrt 11sud1ly of the 
glucuronlc and g,rI,icturnni~ '1~1ds and '11 e the1 ttoi c: ~ n l e t l m e s  ,tho 
called poly-uronlclcs l 'cct~c subst,inces (n~,riillt pectost), gums and 
nlucllages also come under thl\ cdegory thcwgh tlltlr oumrrencc 1s 

]lot genelnl m c 1  exen when pesent,  tlicrr ~,lropurt~on IS very s111dI 

Ligrlrrl which forms 25 to SO;, ot th t  tvelglxt of most t tn lb~rs  IS 

chleflj the mcrusting substance on tllc ceI1-~,tli of x\ootly films It  1s 

a very complex, compound, l11gl2l~ p o l ~ n ~ e r ~ s c t i ,  whose formula has; 
1,een gpell cilfielotlti:, h:, cllfferc~lt wotlzcr\ , t ~  c01d111q to the mAE1od5 
employed fur ~ t s  isol,~tioli , t d  a m l j s i ~  G c ~ l t r d l j  lt 1s .~gretcl that 



hgnin is a compound containmg unsatm ated Iinkagcs capable O F  corn- 
b m n g  with halogens a l ~ d  sulphui dioxlde to folm addltlve colnpouil& 
The ligi~in which 1s present in :dl tinlbei\ to n gieatel 01 '1 sillaller 
amount, 1s belleved to be C L ~  adsoiption plocluct 011 the cell-wall to 
some extent and a stiuctuial menlbei to somc extcnl, ~lmntaining a 

lloi~ey-comb like structuie tli~oughout the wood 

T h e  11111 d class of substmces present 111 woocl usually do llot 
amount to more than about 5 to IOX, ol  the t o t J  welght and die rnal~lly 
~esponsible for the charncteristic smcll, taste, and colorlr of t~inber  

A detailed cheinical analysis of tlmbei 15 of veiy little lnte~cst 
for puiposes of this plesent ~nves t ig~~t ion  which 15 cotlcernecl cluefly 
with the elucicldt~on ol thc mechnnical and thein~al  piopeit~es of 
tlinbei and for which a proxlmate lmowledge of the proport~on of the 
inajol constituents of woocl would be quite sulhcient An estlrndte, 
howevei, of the majo1 constituents of woocl involves clu ectly or 
incl~lectly  emo oval of the minoi constituents ancl 111 the coui se of the 
aiialys~s ~t has been possible to obtain ;L lough estlmate of their 
amounts also The actual metl~ods enzployecl in the present ~nvesli- 
gdtion for the estimation of cell~dose ,mc1 lignin in woocl have been 
aiiived at as the most sdtislactory complonlise between the advan- 
tages and disaclvantages of the seveial n~etl-~ocls usually a v h b l c  fol 
the purpose The methods fall into dlstlnct st,~ges of opeiat~on and 
are designated by a, b, c, cl and e in the following 

(a)  The wood was first of ;dl leducecl to powder by sawlng lt 
with a c ~ r c u l ~ ~ r  bench saw of about 8 ~nclles d~nmeter  and iunning at 

about 200 R P M and all the \'LW dusl d u d r n g  the hne dust WAS 

collected mcl s~evecl through ,L 60 nies11 sleve All that passed 
through the sreve, I e , the frxtioll cles~gnatecl as 60-sample by C o h n  
and Mackney" w a  t,~ken up f o ~  the ,~n~tIysis This powder WAS kept 
in m au' oven mmtainecl nt 102" for c~ period of 18 hours and while 
still 111 the oven, about 20 gnls of it were t r m s f e ~ l e d  into a previously 
welglxed stoppe~ed welghmg bottlt w h ~ h  W A ~  then p l n ~ c d  open lllslde 
a des~ccdor to cool When qudc LOO], the bottle was well-sloppered, 
iaken out of the d w c ~ a t o r  mrl i v ~ l g h e d ~  ' r l~uh  A hnorvn quantity of 



( h )  The clly spccmcn iv,i$ n ~ x t  co111l) lr  ~ t ~ l i  ~ I ~ L H ~ ~ I I L , ~  

mto a 500 c c con~cal flask m c l  LWLI  etl up is~tli brut 300 r t 

u i  dlstillecl watel The f l , d  was f~tted w~tlz ,i reftux eonc1t11~1 

and the rider w ~ s  kept steadlly bo~ling fui  h u n t  tno hnur4 ,Iftcl- 
wax ds  the substance w ~ s  filtered out in CL Ltrgc hunnel n ~ t h  ,r tatccl 
fluted filter paper under srlction nhde ilrt n d t r  w,t$ 4111 11of 
The res~due  In the tunnel was ~epeatedl j  m,~slicd n ~ t h  hot ~h\tillcd 
water t111 the filtlate 1unn111g out of thc funnel c I d  m)t diow . L I ~  

turbidity The filter-paper wtll the s u h s t m ~ e  n,L\ next ~Ilowcil 
to dry m the oven for about SIX hours ,md then melglitd The 
loss of welght of the substan~c on its o n g ~ n d  oi  cn-c l~ j  iv-vulght r elm- 
sented the amount of resln, fat, 011, esse~ilx~il 011, pigments, tannxns, 
gums and any hot-wder soluble xnorgmlc snits p~ est*nt 111 the n ood 



(d )  The sample as obtaiilecl at the end oS opeiatlon 'ct 
was the starting matelldl for thc cst~rnat~oil of cellulose and llgnlll 
~ellulose was estimated by the acid hypochlo~itc and suIphlte 
metllod of Norman and Jenkins" lby starting wltli two lots of , h u t  2 
and 3 gms ~espectlvely In separate appaiatuses so that one expen- 
inent acted as a check upon the other In the case of 'Bombax 
Malabancum' two chlorlnalioils wcrc found CIIOLI~$I whllc foi the 
other woods four to five chlorindions were n e c c s w y  The cellulose 
obtained in all the cases WCIS quile white in colout c~nd aficr tho~ough 
waslling wlth hot watei was diiecl 111 the oven for six 110~1s and then 
weighed The percentage was calculated on the orlginal oven-dry 
sample 

(e) For the est~matlon of llgnin also two smultaneous lots of 
about 2 and 3 grns of the sample obtdmed in 'L' weie taken and the 
lignin was estimated by the method of Ritter, Soborg and M~tclzell~' 
w ~ t h  72% sulphur~c acld for two hours at 20°C followed by dilution 
to 3% m d  hydrolys~s w1th a reflux  condense^ for about four to five 
hours The llgnin left behind was washed flee of acid for a long 
time under suction 111 a Buchnel f~lnilel with a taled filtei paper, 
finally drled and weighed and the pel centage was c~~lculated oil the 
original oven-dry sample 

In the case of the last three timbers viz , 'Dalbergia Lalifol~a,' 
'Tectona Grar~dis' and 'Bombax Malabar~cum', the analysis by the 
above methods was also conducted w1tl.1 specimens that had been 
used in the therlnal expeilments and wh~ch  had been incmkimed for 
prolonged periods at about 200°C to see ~f m y  change in composit~on 
llnd been effected by the prolotlgecl exposuie to the high temperature 
The results are glven in the followmg table. 

CONCLUSION 
Remembering that the pulpose of the analysis was only to 

determine the proximate percelitage of the mnjoi constituents of 
wood and also the fact that all tlicse methods of wood ~ i l a l y s ~ s  do 1101 

claim to give a better accuracy thcui wltl~in ;bout 2$, no g r e d  stless 
can be laid upon the sum of the componeuts not bcmg equal to 100% 



- -  --I ---_ 
1 Alcohol- 
/ Ben~cne  

-- ----- 

Termmaha Tomentoca 

Terinlnalia PaniculCita 

Artoca~pus Hlrbuta 

Dalbergm Latifolla 

1 )  after heding 
Tectona Grandls 

,, after heating 

Bombax Malabmcum, 

) 7 after l~eatmg 
- . 

The l~gnln content of 'Bombax Malabar~cum' 1s extr,~orclinanIy small, 
as lorn as 7% wlule ~ t s  cellulose content 1s ~orrcspondmgly extra- 
olcl~~zdr~ly large making up nearly three-fourths of the wood Also 
~ t s  11em1-cellulose content is greater thm that of any other wood 
In  fact, the poly-~~icchar~de cctrbah~clrate pdrt of t h ~  tlmber a~nounts 
to 9076 of its tvelght Blocheimsts hnve observed that decay 111 wood 
1s started by a degrddatlon of the hemi-cellulose by ,L ftmgus attack 
n h c h  rap~dly spredds on to the celluloce part and eventually to the 
hgmn part also The large he~m-dlulose md cellulose content of 
this wood 1s q u ~ t e  obviously the cause of its rapid &tack bj various 
borers and its quick decay when exposed to specially rno~st air The 
trouble IS aggravaied by fhc add~hcmal u r c u m h n c c s  t l ~ t  Ii,gnin, ' t l ' h ~ ~ h  
is co~ls~clered to conle~  hardness ,ml prote~tlon ag'tinst dec;ty In wood, 
rs p ~ e s e ~ l t  m this t inher  to .i very sm,tll percerltdge 1m11 It  avuuld 



appeat tlmt ;t plof~t,hle imtl~ocl 01 p r  cselving t h s  woocl, w 
qutte valuable for i t \  thermal ~nsulaflon plopel ties, wtll be to 
removmg away the heml-celluloses by an extlaction with 
alkalls 

The effect of p~olor~gecl hea t~ng on the cl~emical na 
wood hds affected the amount of alcohol-benzene hot water extl 
due evidently to the loss of essential 011s and some of t11 
volatde 011s and easlly fusible reslns while thc cellulose anc 
content 1s fmly  unaffected The obse~va t~ons  m the case of " 
GI andrs' ale ~ntelestlng Among the ha~d-woocls, tlus wood ( 

the least ninount of alcol~ol-bentene ext iact~ves but whrle 'D, 
Latlfolia' l l a  lost nearly 11,llf of these extl acttves 'Tectona GI a] 
lost less a foul th ol ~ t ,  due to heattng foi a p~olongecl period a 
This would ~ndtcate that the volatde essential 011 content of ill 
IS fa111y sinall wl-rlle tllc o h ,  which thks woocl xs known to cont 
pi eservat~ve aga ix t  t c ~  m t e  attack, are f m l y  i~011-volatile 

In the case of 'Bombax ICIIalabc~ricui~~', the cfkect of hea 
affectect the hemi-cellulose content to some extent whtle the ot 
stltuents a le  fauly unafkected It  should howevct be pointed 
total aftel hentmg IS consldelably short of 3 00"/,,1ncl ~t shouIc1 
tloned that m the couise of the c~i~cdysrs of t h ~ s  woocl d t c ~  hedt 
111 the hyd~olysis of cellulose and the chloi~nation of lignin, the 
contamed small particles of a gritty black substance, which t 
probihly c a ~  bon produced by <I, pal tial car amel~satmn of thls u 
to heatxng Thete is leason, theiefore, to belleve t l ~ l  tlus v 
su.f-leiec1 sonlewhat by the piolongecl llei~ting at 200" wlule thl 
woods had not suffered to any a p p ~ e c i ~ ~ b i e  extent 

Cellulose constitutes quite half and sometlines even 111 
half the bullr of almost all tmbe l  s and IS the chief f~ me-wor  k 
In all of them, g~ving  then1 3 101 111 m d  mech;ln~cal str ength 
xn mole 01 Ic5s a pule  btate 111 the seed-ham of the cotton 1 



illc Ilhj cs In ihc itell1 of t h ~  H 1 1  m(1 11t 1111) pI,lilt% ~ I ~ ) ~ ~ t l t  ~ H P , ~  
\vcl~,ht of the ~ 0 t h  ~ d - l ~ t r r  is pule c ellulo\t W ~ I P L  tile 11clnp tll~re 
consistc, about 70% of. ~ t s  weight of pure cellulor;~ '1'11~ 1111en i,~cp,rr ctl 
from th:: flax stem is almost put? ~elluluie In tlld j-m L' \ t ,~ t t  ~t I, ,C 

hr q h t  white substance wlth a I,u gt :rrldit\ tor \v,~tc.t R r t d ~  th,, ~ r h -  
ing ~noistule lt swells up to some cvtont h t  t i  qutttb ~nu)luhlr 11, ir ~tt.1 

It  1s chemically vel y inert ,ind r ~ w h  or dmrr 1 oi p,.mtL solvc~~t ,  
Dilute allcall even when hot hns no xtion upon ~t but hot c o n ~ e n t r ~ t t ~ t l  
solut~ons cnuse the f11xes to s u  tll ,tnd ~f I q t  \tret~Iled t l u r ~ n ~  the 
swell~tlg, the hbres xqui re  a gloswess wlvcll 14 I t%i~ticcl e l  tn ,titer 
the I emoval oi the d l i ~ l l  Such tre,~tinent of cotton, 111xov~retl by 
Mercel, is technically very much employed 111 inmut,i~turmg .rt litit 1s 
known as ~nerceriscd cotton which h,ts n 411ky q p w r , m c e  St~cmq 
rnmei a1 aclds d~ssolvt: celluloie wtth pal t ~ t i  or cotnplc te hydrolyw, 
prodvcmg s~mplei substmces down to glucost 

The structure 01 cellulose I i ~ s  formed t l ~ c  suh jc~ t  o k  an extcn- 
sive serles of lnvestlgat~ons by chem~cal and X-r,ty mtthods, Xrnung 
the mole important mvestig,~tors on the chealtc,il mle should he 
rneilt~oned Staudingei 6s, H~iwortllbS, Freudt ilbelg m c l  b'r iecir~cli'~, 
Willstater and Zechn-~elster~~, Hess" and others , m i  o ~ i  the S-r,iy 
s ~ d e  should be mentioned the rimes of Kdi, &It.! i r ,  I W L I ,  Astburq, 
Clark, S p o n s l e ~ ~ ~ ,  Sauter6' ancl others Except for Smtet  ,111 the trtlier 
investigators are agreed upon ,t common s t ru~tu te  ot ~ellriloie ,iccord- 
111g to which the L I ~ I ~  of structure is the cellob~oie unlt (C,H,,O,) 
kor med of two glucose resrdue\ joltled up bq 07ly;.cn ,ttoilzs ,trlcl the 
cellulose molecule I S  considered to lw 'r long c1lcun 01 t11t-x ccllo1)iose 
unrts ~olned  up again by oxygen ,itomr to t a ~ h  other T l ~ t  dilltrente 
between tlus vmv 'lnd that expressed b;) Spon4e1 m c 1  Snuter 
concerns only the size ,tnd s h q e  of the u n ~ t  cell 111 cellulose 
Accurd~ng to these two mveat~gato~\, the unit cell 111 cellulow 1s 

urthorhon~b~c cont,zmng foul molecules (I u , ce-lloh~ost un~ t s )  pel w l l  
while the othel opinion hvotu s '1 m o n o - ~ l ~ ~ l ~ c  strmlur t n 1tl1 hi o 
molecules per cell In '1 ~mte ,dcIed to Spo114t r's 1'11hl11 d l t  ui 111 

N'tture ', Br,lggM sshows I l t w  Sponslcr's ~de,is 'tru m ~ t  fdr dittct c ltt 

fro111 the ~ommonly c u e p t e ~ l  oiies e x ~ e p t  111 tllt riurulh I I ~t 1x11 l l t  ~ d t 4  



per cell Regarding Sa~llet 's rcsul ts, Mcyel" ccoilslders that Sduterls 
~nterpreiatlon of 111s cxpenmenl5 1s not justifiable 

Taklng therefole the more colimonly accepted structure of 
cellulose, the f o l l o w ~ ~ g  lot mula t ept esents a molecule of cellulose 

The calculation of the Young's Modulus of this stlucture 
parallel to the chan-ams hds been carrled O L I ~  by Meyet and Lotmaibl 
on the baas of bond st1 ength de~lvecl 11 om Ramm Spectra and 
shows very good agreeinent with experimental values 

The authot is not awal e of any cletel iimatlon of the Young's 
Modulus of cellulose rn '1 dlrect~on noxmal to the chain-2x1s The 
expeiinlental detelm~natioil of thts cluantity will be I nthei difhc~dt and 
tilvolve large uncei tainties, since the best valiety of the pule cellulose 
avarlable vlz, that from cotton or flax consrsts ol hbles of external 
dlamelers seldonl exceeding 0 02 of a nun and even at tIicit the 
fibres are l~ollow, theieby inalring the estxinatlon of the-stiess a mattel 
of great uncertainty Any tlansvelse stless on the libt e IS lllirely to 
procluce a deforinatlon of the hollow space rather than the cellulose 
rnatertal unless the fibie can be split open and laid flat It 1'3 

however, not a vety difficult nlattei to m,ke  a coinputatxon of the 
ti ansve~ se moclulz~s f t  0111 st1 LIL~LII al con\iclct atlon 5 follow~llg the 
nzethocl adopted by Meye1 and L o t m ; ~ ~  in t lmr theo~  et icJ  comp~lta- 
tlon of the axial modulus 

According lo X-lay evidence, cellulose fibles are built up 
of CI ystnllites of ~ellulose a n  anged nllel to each othet , endl 



c~ys ta l l~ te  of cellulose conta~xnn;: ,r r~umbcr of t c l i u l o ~  cl~i111 rut ~lc- 
cules at ranged parallel to each other ns alamn in  t l ~  C ~ I . L ~ I . ~ I I I ,  11:: J ,? 
The rlng ~n the glucose res~duc 15 s t t ~ d d j  plmc ~ a ~ t p t  f o ~  the 

oxygen atom ~n the rmg w111ch 1s outsldc tlrc plmc The i~)dilrgen 

also st~cLirig out at d t f i n ~ t ~  , ~ n g l ~ ,  
to the plane From X-r,ry t~ ~dence 

OU 1t it Isnown t l ~ t  the clist,ttice 
between two SULII p ~ r ~ ~ l l e l  C ~ , L I I X \  

ln a cl~rect~on pqmtcluu1,tr to t h  
plme of the nng 1s ahout 3 9.1, $0 
that the d ~ t t m ~ e  hetnr;vccn the 
(01-1)'s at 1 mcl 3 from tliosc ,it 1' 
and 3' n 111 bc of the figlit i ~ t d c ~  of 
~ndgn~tucle for ,I hychoxyl bontle" , 
I e ,  bout 2 i to % 9-& hetivtcn tlzc 
two ~ e n t r o  Aha tho dirt , tn~c 
between the  toms and g r o u p  nt 3 
and 4 from thuw ,tt ,if md. t"  
w~ll be fa\ ourahle f o ~  a hyclrogcn 
bond between iS m d  3' .tntl mr~tlicr 
between k I ' Tliert LVIII 

FIG 16 
be lz~milar 11onds m 11 clire~t~ort 
parallel to the plme nf the 11ng 

between ne~ghbounng chalns , but it I\ cv~derit tlut ~ons~clclatq 
in general, a gluco5e resldtle m111 contribute two llydrogcn bwrls mrl 
two hyclroxyl bonds between ndjacent chru~ls S m e  '1 hydroxjl borid 

strength is not very dlfierent from '1 hydrogen bond 41 cxigth", w e  
rnlght C O ~ ~ S ~ C ~ I  the trmsverse blncllng fnl ct Ixhvcen tu o ,itl~.rccnt - 
cellulose chaxns per glucose residue as equn , h a t  to tlld olt fuur 
hydrogen bonds Bes~cles ths ,  there ~ d l ,  of Lourw, be tlic Yati cltr 
Waal forces between the atoms 111 the tmo L ~ I A ~ I I C I ,  s tnw t h ~  cl~'.rt,til~r 41f 

0 

3 9A between adjacent chains is 5rnnll~r t l m  the u ~ d l y  ,it~cptc.tl 
range of Van der Wdd  force^, whch  IS of ~ I I C  ~)r-der of .tl?ot~t. 4 tu ti.1 
It is ev~clent therefoxe h i t  the ~ellulase ~llaltls ~ t r e  tt an\.ser\ely linked 



to one anothc~ by sccondni y bontls hot11 ol the rl~polc ,mcl l l~c  
Waal types and 111 a compulation of the t~ nnsver se modulus of 
city of cellulose, these secondmy honds sllould he cnnstcle~ed ac; 
I lse to the elastlc modulus 

In comput~ng the ; ~ x d  modulus of ccllulow, Mcyer and L 
hhve assumed 111 t h e ~ r  cornputd~ons thd ,  f o ~  cc~cll glucose I esri 
cellulow, t h e  ,uc eight Iinca~ bonds m d  eight angular bonds 
they assume t h ~ t  an angtll;~~ delorinat~on 1s 20% '1s strong ,is a 
cleformatlon so that in t e r m  of 1inen1 bonds the total binclm~ 
along the axial dl1 ection pel g lu~ose  resiciue tvlll coil espo 
(8 + $) = 9 6 11nedl bonds In A s~rn~l,ir mmner, m the t~ ail 
dl1 ecilon, assuming hot11 Itnear and a ~ ~ g u l a r  cleform,~ tlons of the 
gcn ,~nd hycl~oxyl bonds Illrely, the equivalent i~umber of hyc 
bonds per glucosc iesidue will be equal to 4 -I-% =4 8 

The binclmg fotces of hydiogen ancl hyclioxyl bonds ale L 

calculated most easily from obseivations on the Raman spec1 
compounds of llke structui e wlth and without hydrogen bonds 
culat~ons mdde by various o b s c ~  v e ~  s, though not agreemg rlgou 
all iilclicate that a hydrogen bond 15 vely 1nuc11 wealre1 than ,1 pl 
valence bo~ id  It  will be n lcilt me,m of- ,111 the ltkely values fo 
the litelatuie on the subject to ,w,urnt: thdt n hydrogen bond 1s 

one tenth as strong as a ptinz,uy valencc bond Thcielol e the 
verse binding foi ce between two neighbom 111g glucose i esldu 
be oi the oldel of 4 8/10 or 48 of n piimaiy valence bond 

T h e ~ e  is stdl anothei factor which should be taken into a 
in a consider ntlon of the anlsot~opy of cellulose The I mg struc 
the cellulose molecule will contr ibute a certain 1 esistanc 
ttansverse stless and so its eftect should be conside~ed 
with that dne to the seconcla~ y bonds When a tlansvclse 
IS ,ippliecl to a cellulose fibre, ~ t s  eficct will be to pro1 
h g e  st1 am in the Ilycliogen bond length m d  a slnalle~ stla11 
lxng structure, just (1s LL force applied along two sp~lngs  cor 
up 111 series wlll p t o c l ~ x ~  a longer extension In the weakei 
than in the strongel sprmg The actual extensmn in m y  



In order to ohtam the l a t h  clu~ntltj v v ,  t l l ~  ~ t l , b t ~ ~ c  d~nl t  11- 

slons of the hydrogen bond length to tht vL~lcncc ~ O I I ~  1t11qtl1, 
it will be necessary to find out tht d ~ s t ~ n ~ c  Ixtn ~ t n  tllL ' t ~ ~ ,  

of adjacent cellulose chm-~\ in a cellulose s t ru~ tu l  t 'rhC ,tcinlrl I,tt;.tll 

of n hydrogen bond 1s known to be bout 2 ;>A 5r) t l l d  t l l ~  tflfti - 
rence between the distance between the ,tws of ~ I j . t ~ ~ n t  L U ~ ~ I I ~ I S L  

c h a m  and 2 5 5 x  d l  be 

square, Itself bemg at the cerrtre '1s show11 111 the flgure 

Tdklng one such squ,tre and remtmbwmg t h t  the Llas\- 
se~tlondl dlrnenm115 of CL umt tell, c ~ ~ c ~ ~  ~1111% to S-rdy L V I C I ~ ~ L C ,  , I I  t 

S ASK x 7 YA, the dist;ioce b~ twre t l  the .ixer .my t a u  ~ u l l u l o r ~  
0 

clialna d l  tome out 'is 5 81.2 

The r e l a h e  strengths of thc 11jclroq.m lmr~dmq Iwrwe~.n 
.1djclcent ~h 'uns  and the v&mce bonrling 111 tlic I mg5 c,ui Ix uhtwlr t i  

111 the iollowing mcrnner It  hd5 dlri..td_~ bee11 slloii 11 tlldt tht tuul  



hydiogen bonds between adjaccnt cellulose chams w ~ l l  be eqmvalent 
to 0 48 of a primary valence bond Cons~dering tllc binding lorces In 
h ring, it IS obvious thdt a tt ansversc stress can produce no stram m the 
four valence bonds that are parallel to the clmn-axis Hence the 
four other valence bonds which are inclined io the cham-axis will be 
the only efiective bonds 111 opposmg tIlc ti ansvei se stress Also the 
the deformailon ol the elght valence angles wlll contr~bute to the 
lateral st1 am and hence should be considered as opposing a tiansverse 
stram I-Ience the total resistance to a transve~se stless 111 a ring 
wlll be equivalent to foul prlinaly bonds and eight angular bonds 
Assummg an angular bond to be 20% as strong as a piinary bond, 
the total lateral strength of a rlng wdl be equivdent to 43- 7i- 8 - 2 8  7i 

prlmary bonds Hence the relative strengths of ihe ring and the 
hydrogen bonds will be in the ratio of %e 0.48 or very nearly in the 
ratio of 12 1 The correspoilding strams in the hyclrogen bond 
lengths and the 11ng-structule, wlll be In the ratio of 12  1 The 
relative dimensions of a hydrogen bond length and a ling-stlucture 
bemg 111 the ratlo of 2 5L to (5 8 -2  5) or 3 3 4  any strain e m the 
hyd~ogeil bond length will ploduce a total transverse extension equal 
to (2 584- $8 E )  I e , 2 77e The overall d~stance between adjacent 
chams in the transvelse dilectlon bemg 5 8x ,  the overall stram will 
be 2g'67e Thus the efkect of nng-structure on the hydrogen bonds 
is effectively to reduce the strain in the ratio of 1 2 1 Thls could be 
regarded as an appaient Increase in the tiansverse bond strength of 
the hydrogen bonds In the ratio of 2 1 1 Hence taking into account 
the effect of the deforniation of the ring also by a ti ansverse stress, ihe 
tiansverse strength of cellulose wlll be equivalent lo 2 1 x 0 48 =I 01 
pillnaly valence bonds The stlength of the cellulose chaxn along 
the chain-axlr being eqmvaient to 9 6 prlrnnry bonds, the elasllc 
an~sotropy of the cellulose molecule will be as 9 6 1 01 or veiy ncarly 
a s 9 5  1 0  

The Young's niodulus of cellulose ~n any cellulose st1 ucture 
w~l l  depend upon the degree of orientailon of the cellulose molecules 
Ranue cellulose possesses a h ~ g h  deg~ee  of orlentation of molecules 
while the cellulose 111 wood as revealed by the X-rays 1s not quite so 



well orientated The most probable value of the Young's ~ o d o l o s  or 
cellulose in wood along the axml dlrect~on uould appear to be a b o ~ ~ t  
80% of it5 value 111 ramle In the case of ' Bomb.ix hIalahnrtcum ', 
the X-ray study reveals an ortentatloll of ceIIuIose wh~ch 15 ,it 
best only half as good as that ln the other woocls so t l ~ t  the 
aua l  Young's Modulus of cellulose in t h ~ s  wood should hc tnlcetl 
to be only half that In the other woods Accordingly, t,il;inq the 
value of Yo~mg's Modulus of ramie as 5 0 x 10" dyncs/~m ,is 
measured expermentally by Meyer and Lotrnx, the v,tlue of the 
longltud~nal modulus of cellulose 11.1 the hard woods c m  be take11 
as 4 0 x 1Ol1 dynes/cm while that In ' Bombax Malnbancurn ' n tit bc 
taken ds 2 0 x lo1' dyneslcm Applylng the an1r;otropy r,ltio of 9 5 1 
as between the axtal and transverse d~rectlons, the trmsverse 
Young's M O ~ L I ~ L E  of hard woods wtll come out as 0 12  x 10" dynes/cnl 
while In 'Bombax Malabaricum' its value w l l  be 0 21 x 10" clyncs/crn 

The next important major constit~tent of wood aftex cellulo\e 
is the lncrustlng substance of the cell-wall vtz, lignin IJs~ldly 
lt forins about 25 to 353 by we~ght  of wood m:ttell.d ZTntortunatelj, 
however, the amount of exact knowledge on the chemic,iI or ph j s~~ , r l  
properties of llgnln is very llttle though d lnrgc m o u n t  of ,tn,rljt~cal 
w o ~ k  has becn done on llgnlu to eIuc~date ~ t s  chemlc~l const~tution 
I t  IS a compound of carbon, hydrogen and oxygen w t h  more thm 30 
carbon atoms In the emptrtcal molecule and the number of llvdlogen 
atoms in the molecule are too many cllsproportio~lntely 111 exLe\c, of 
the oxygen atoms to entitle the substance to bc clnwfied ,i c . ~ b o -  
hydrate The actual molecule 1s supposccl tu be a high molecular 
polymer wlth a molecular welght in the nelghbourhood of GOO0 So 

far as ~ t s  cheinical structure rs concerned, there 1s urlcert,unty even 
about the nature of tts nucle~, whethei they are alomatic o r  hydro- 
a~otnatlc or other complex type of ring-structure By w x c r d  re- 

actions \vith alkdies, concent1 dted &lds and haloge~ls the presence of 
hpclroxyl, methoxgl, methylene and aldehyd~c or keto~lrc group5 ha5 
been definitely established 



Rilter has inadc ;1 detai\cc\ study of Ikc hgnin cuntellt of 

cvood 'ind has come to the gcncrd C O ~ I C I U ~ I ~ ~ I  tll,~t Sprtng wood con- 
talns mole ltgnm than Sumnm wood 'l'he inol e itltct e s t t q  Lontn- 
bullon of Rrttei to our kiiowledgc of Ilg11111 in wood, spe~lally for 
p q o s c u i  the p~ esent study, IS with 1 cgalcl 10 11s distribution 
m wood According to Rittei71 the hgurn 111 wood 1s of two lcllldg 
one fornling part of the cell-wall whose ndturc IS amorphous and 
wl~lch falls to powder durmg the l~yclrolyrlr of t l ~ c  cell-wall by 
72% sulpllurtc acld Tlle o the~  limd of l tgtm 1s structural dlld 1s 
almost cxclu.;ively thc maul colistituent of the i~i~cldle lamella In 

wood Thls mlddle lainella Iignin possesses n honeycotnb-llke sttuc- 
ture, constitut~ng a sort of open SiC~me-work whtch IS llltelpenet~ated 
by the fibies I-Ie estimates that about 25% of the total llgr~tn 1s 

m the cell-wall whlle the lest makes up the ~niclclle lamella As a 
t esult of a large amount of wol k on cellulose and lignin Fi eudenbergTa 
has eluctdated the ielatton of cellulose to l~gnin In wood Accord- 
ing to him the lignin tn u oocl, wl~ethel tn the cell-wall 01 the nuddle 
lamella, 1s entirely amotphous He considers the llgnin m thc mldclle 
latnella to be peimeated with he~nicellulose and  to folm wtth the 
hemicellulose a l~omogeneo~~s  structure whlch encloses the whole cellu- 
lose net-work Freudenbeig 1s clefii~itely of opiilion that thc bulk of 
the cellulose in wood has no contact with lignin though he admits that 
~t 1s just posslble that the 11gnin rnlght walk its way into the outel 
l a y e ~ s  of the fib1 es  The hgnm In wood 1s supposecl lo play the 
same p a t  '1s what the con~ te t e  111 .I elnfo~cecl coilclele does 

The amount of d o ]  matioil mailable 111 the literature on 
the physical propel ttes of llgtlitl 15 almost next to nothmg Smce, 
howevei, fol a propel ut~cleistmdtng of the ellect of llgnln on 
cellulose 111 wood, it woulcl be necew~uy  to know somctl~ing of the 
physical propert~es of Irgnm, 11 wns dccldecl to study those necessaiy 
propert~es of 11g1lin FOI t l ~ s  putpose ltgtlin was olhlined by 
pleclpltatton horn the lye solut~ons o b t m e d  durmg the pulping 
of wood ltl the papei industl y ancl mothel sample of vel y pule llgnill 
was inade avatlable to the ck~itl~oi by the I;~nclness of MI M m  of 
the General Cl~emistry Dept ol tllc Incll'lxl Itlstltutc of S~ience, 



lore This llgnln had bee11 prcpmed f ~ n ~ n  wood 135.  an elc ctrt + 
~d Plocess developed bp 1\11 Mnni .ind it5 p u ~ i t j  li.icl hct 11 

a d  establlshecl by vanom t e+ ,  130t11 1 ,inetie\ c,i 11g13111 
, , :mployecl 111 the study and gave comp,tr,ddc v h c  s I hc liqn~rl 

llxed up with a snlail qudntity of sv'kter to fox 111 ,i t h l ,  pl,ist~r 
and the paste was pressed into t11c forill of ,i d m  ot  thtec 
dlalnetet and about an elghth of ,in ~tlch in thi~htic CL; 111 $ 1  

hydtaullc p ~ e s s  unclel a pressure of ncnrl) Ih p t ~  
For puipose of elastic mensutcrnent mcl mc,~~iiremcrlt ot 

tl expanston, the paste mas pressed ~nto  the fot 111 of A tctdof ,itsnut 
ches length and about n quarter of an ~llcll In c1imott.r undtr  A 

pressure 111 a \pecial d ~ e  Some diii1~111t~ ~ 3 4  e q w r ~ t r ~ ( .  ed :it 
.cause, though good specimens were proclu~ccl h) the pr e\slnji 
ulds, it was found that the speclmens c r d i c d  mcl c~uinhlcd 
vdel on dr ymg T h ~ s  ditliculty ssl;ra got o v a  hv Ic,tving the 
lens m i l e  the moulds wlth the p r t ~ ~ ~ r e  stdl on t ~ l l  they st el c 

iry The shape w ~ s  then retained permmentl~ 
The denslty of I q p n  was measured with '1 p t ~ c  ot t l l ~  

ed rod as well as with the powdel mnk~ng 11se rtk ,r cleti.;~ty 
and kerosene The close agreement betneen t l l ~  clcns~t\ ot 
wcler and of the moulded rod is ev~dence ol n compict shut lure 
, been produced 111 the moulding operation 
The Young's modulus was measured by empfq  mg the I ocl cif 
111 a single cailtilever arrangement w t h  nn opt~cal Itvex to 
re the deflection The thermal corlduct~v~ty n '1s mcasurctl ,tt 

nt ternperatures wlth a Lee's d i s ~  GipparLltu~ n ~ ~ o r d m q  to the 
1 described in the sectron on tllt therm'd concluct~v~t~ ot n ood 
iernlal expdIlslon was measured by xlanging the rod ot 11gnm 
an e lec t r l~  hedter specidly m x k  tor this puspox. .uld i ,pdslc 

tlg mallltallled 'it d i f te r~nt  ternper~turcs up to 2rJO C' wfi  
pansion rillas measu~ ed by ,~tt op t~cd  le\ er ,II I 'rr~gcnic ~t tIe- 
t ~ v l l ~ c h  are glven 111 the sectlor1 on tht thtrnl.rl e q ~ m i u n  
~ c l  The r esults of the sdrwtz\ nw,twrclncnts ~ t r t  gn i t 1  ht.h)n 

p of yowde~ -" - 1 ti 42 g1114 , c L 

p of the plcLe trl lull. - 143  g111\ ,c C 



Range of ten~perature . . 33-1 00'C 100-1 42°C 142-2030~ 
Coeff ol Therlnal Expan- 

son  2 0 5 6 ~ 1 0 ' 9 2 2 6 7 x l O - ~  2315xlo-0 
Rangc of teinperaturc . G4'6C 1 0 0 ° K  145"+5C 
Coeff of Thelma1 Con- 

ductivity (m cal gm 1 *000190 000206 000181 
sec un~ts) 

Young's Modulus . . m 0 20 x 10" dynes/cm a 

CONCLUSION 
Tllc denslty of Iignm is almost tllc same as the density of 

cellulose wli~ch IS given to be somethtng between 1 58 and 1.63 Tile 
fact that, while both ihe rndlor constituents of wood aillount~ng to 
more than 80% of 11 possess a density as h g h  as 1 5, wood itself 
possesses a clenslly which llarclly approaches 1 0  whlle it usually lies 
far below ~ t ,  1s cet talnly clue to the hollow structure of the wood 
fibres The Young's Moclul~~s ot lignm is rema~ltably low coinpaled 
to that of cellulose but is of the same ordei of ~nagnltude as that of 
s~mllar cernentmg oiganlc matei~als ldre proteins, concl~yolin etc 
The co-efficient of thelmal expailslon shows '1 slow mclease with 
tempeiature In confoimlty with thc aino~phous natulc of the matenal 
Its absolute value at any temperature is quite small bemg less than 
that of glass and similar ,~morphous substances Its thelnld con- 
ducllvlty IS very poor as mlght have been expected fioni ~ t s  being an 
important constituent: of wood The variation of theinial concluctivity 
is however megular and quite small It at fiist slightly ~tlcieases wlth 
temperatuie as  mlght be expected of: an amolphous substance but 
aftel about 120" ~t begins to deciease ,\gdln Neithei the irlciehse 
in the early stages no1 the subsequent decrease is of any gieat 
magnitude 

V CHAPTER-INTERPRETATION O F  RESULTS 
In the present clmpter an attempt 1s inade to undeistand the 

experimentally obtained results recorded in the sccoild clldptei m the 
hght of the struct~lre and const~tution of tiinbe1 and the p~oper t~es  of 
its m j o l  co~lstitucnts rccorcled m the two subsequent cllapteis A 



tss~on based upon the combii~ed e n e ~ t  of cellulos~ and 1rgn111 wtll 
.tlrly representative of the behmoul of .cr ood s l rm 1x1 most c a w  

two constituents make up ne:uly 90°, of wood ~ ~ ~ n t e n , J  
her ~t 1s only these two conlponcnts t h t  possess .i rloiir~lte 
n u ~ t y  of structure with specific well-clef~~lcct pl optrtlcs All t h t  

components in wood amount~ng to ,~l?out loL,, ok 1t5 bulk eire 
phous materials of very 111-dehnetl propertxs ,mcl thutr eBcct ndl 
ute a Gegl~g~ble factor 

1 THE ELASTIC PROPISRIIF;,~~ (IF \v()01, 
A proper estmate of the elastic proper t1c.5 of wood 5hnuld td ie  

tccount all the co~nponents of ivood I-Ioit-e~. el, the t l l r c ~  in~~jor 
~tuents,  vlz , cellulose, llgnln and hemi-celluloses m,kc 11p tw,~.tly 
of wood and w~l l  therefole he the clvct-f'tctors de~rding t h c  

lc nature of the bulk mater~nl Of theje three, the r o l ~  of Ile~m- 
loses In rnfluenc~ng the e1,tstic inoclulus of n orrd n 111 Ix ~1 s ery 
r one for vmous leasons Tl i~  l~ttle ~nkorm~tlon mc poshe\a 
t the helm-celluloses 15 enough to p t i t y  o u ~  Ignoring ~ t s  cnntn- 
n to the elast~city of tlmber Thc 11em1-c~1lulo~t.s ale :L hcterog~n- 
mxtul e of a Luge varlet) of ~ o I J ' - ~ & L I  i r k  L ~ ~ I  I ~ ~ ~ C ' I I  , L ~ C S  of. 411 

phous constttut~on They posses% neithe~ ,i ~c-mtmuity rlor ,a 

tur e In the fralnework of wbod but ~ t m ~ i l n  clisp:~ sijd III th t  body 
lad, lllallll~ 111 11s llglle0~b POI hull Illdt'td, SO 11lllLll Of tht: tOtd 
celluloses 111 woocl 1s tound clrspersed 111 11g1un t h ~ t  A d ~ n o l  of 

~ l s t s  llclve aclvar~cecl the theorv that 11crm~elluIose~ 1.1r-L thu 
lrsor of hgnin, which, they scly, 1s for111t.d by t h t  ~ o n d e n s ~ t t ~ o n  of 
-celluloses On top of these conslderd~ons 15 the L t ~ t  t l ~ d  
celluloses ~isually do not lepieser~t 111ur~ 111.~11 ,L tmtll ~ ? ~ t r t  of 
1 and bemg oi ,in ,~morphous ndurt: with 11eitnu1 form nor \hW' 
ood, the~t  contr lhutxon to the ela5tlc htr ength uf- t m h c ~  1s llot 
r to be of any co t~s~de~ab le  m,ignltuiit. H ~ r l ~ e  m the tollonlng 
~ssloll, the elashc n~odulus ot rvoorl 1s ~ o n s ~ d e r e d  m t c ~  111\ 01 tht 
5rtles oh cell~dose Lttlci ilgrzln 

Of the two Important constltuenth, celhlo>l: ir l f l  ~ o f i t l l h t ~  
to the el&c hehav~ou~ uf nood t hm hg~llx! s ~ l c ~  it ~ X l ' d l k t e r  



more than half the bulk of wood and In additlon possesses a mucll 
larger elastic modulus than lignin with a pi onounced anisotropy of 
elasticity The eflect of ltgntn will be to nloclify the plopelties of 
cellulose slnce ust~ally the amount ol hglitn is half oi more than half 
that of cellulose and besides, lignln 111 wood poswsses a continuous 
structure closely adherlng to the cellulose flame work and completely 
sulrounding it I t  is in fact acting like the cementing n~ateiial, con- 
cl~yolxn, 111 the case of molluscan shells studied eLulier 111 thts mvestl- 
gat~on 

The cellulosc in wood occurs 111 the Form of hollow Iibres and 
hence the gross structure of cellulose will itself inti oduce an ;~nisotrop~ 
of elasttcity rn wood quite apart from the inherent mlsotlopy of cellu- 
lose Thus the total anlsotlopy of wood will be made up  of two parts, 
one, the structural anrsoti opy due to the gloss st1 uctui e of the cellulose 
fibres and two, the intrinsic anisotropy of the cellulose molecule ~tself, 
Hence a complete estimate of the elasticity of wood wlll have to be 
made in two stages (1) the st'tge in which the effect of the gross 
stlucture of the fibres on the inherent anisotropy of cellulose 1s con- 
sidered and (2) the stage in which the effect of the enveloping lrgnm on 
the total amsotropy of wood is considered 
1 Gros~  st? u c t u ~  e 

(a) Conzpm zson o j  dzfer ent cnrzetzes of tsnzber -Fl om 
the remarkable psrdllel~sm between the Young's Modulus and 
density in the various woods, one IS almost tempted to conclude 
im~nediately that the elastlclty of wood IS a cl~rect flulctmn of ~ t s  
denslty Of coulse, also, tt stands to reason that foi a gwen dimen- 
slon, the greater the number of resisting units, the g i ea t e~  ~ ~ 1 1 1  be the 
fotce and energy necessary to pioduce a given elast~c defoimation and 
conseq~~ently the greater will be the elast~c modulus Thls conclus~on 
holds fairly ac~ulately for specimens taken flom diffeient directions of 
the same specie.; of wood but d ~ r e ~ t l y  a comparison between speci- 
mens of dlffelent kinds of wood 1s made, ~t is found that the relation 
breaks clown Thus in the radtal longitudtnal s e ~ t ~ o n ,  the Young's 
b ' 'oduh of ' Tectom GI andis ' is twice as la1 gc 35 that of ' Tel mi~-r;llla 
'J?oment0sa1 while 111 the same direction m the snme sect~on, 



the dens~ty  of the former 1s only about 8:1?, IlrA cd t l ~ e  1,ttter 111 the 
ta-~gentlal long~tudinal sect~on, ' T c l r n ~ i ~ ~ i l i , ~  IJan~cuI,tt,l ' 11~s got ,I 

denslty more than .107,, gre'tter than ' Tectc)~i,~ Grmrhs '  hnt th t  
Young's IVIodulus of the fo~nler  1% sl~qhtly ltss tl1m thtt ot tht  Idter 
It  IS, therefore, evident that apsrt iron1 tht  ,tnlount of wood wh.itancc 
present, the way in wh~ch the mder~, t l  1s cl~\tllhutt.tl 111 tlic tlmher lc 
of great I I I I ~ O I  tance m clecid~nq the el,trtlc p ~ o p t ~  t 1 i 4  of wood Wltll 
a density half that uf ' Termin,dia Tcrmento\,~ ', ' I h l ~ i l ~ . l r  h l , t l ,h~n-  
cum ' ma~ntains an elastic nloclulus clu~te con~p  11 rih1~ t o  rl~ld ~ u ~ n ~ t i n i e ,  
even greatel than that of the fat mer ' B O I I ~ ~ A ~ L  h I . ~ l , i h a r i ~ ~ m  ' lirl(r 

evidently achieved this by nzaking liber'il u \ t  of tlit f , i d  tlid for the 
same amount of mater~al, a hollow st~uctule h s  A qredcr  t l , ~ s t ~ c  
res~stance than a solid structure The th~tknt ' \s  of hbie wall rc1,ltive 
to fibre dlametel IS s~nallel in ' Honll~tx hl,tlC~hLir  cum ' tIlr~11 1x1 
' Termlnalia Tomentosa ' Furthw i elnfo~ cement l i t t i  hetln s c ~ u ~  ed 
by the development of c ~ o s s  n ~ e m b ~  aric5 In ' 13u1nhl~ bIcilCtb:incuin ' 
w~thin the f i b ~ e  ullit Clark7' euperirnentinq on tht  noocl of the 
Engl~sh  ash, ' Fraxlmus Excelblot ' hncls tlid spccnnens of: the same 
specific gravlty and simll;u= ,in,itom~c,~l 5t1 ucturt cllNt.1 bv ,is 111u~h '1s 

30% 111 strength and comes to the ~ o n ~ l u s ~ u ~ i  t l i e~e f~om t l ~ t  pobdbly 
the chemical and p l i ~ s ~ t ~ t l  pr~pert les  ot ~ c l l u l i w  ,u t I tspuns~ble for 
this It  IS more llkely t lut ,in explm,ltlun of C l ~ l  k 's  obser\i,tt~onb 1s 
to be sought f o ~  111 the d~tlerence in orient,ltton (71. the m~celles or 
crystallites of cellulose x ~ t h l n  the hbie of the cl~tferent specrn~~ens 
Thls d~f fe~ence  in c~ ystdlite or~erit,~tion ti 1t111rl the flbt c ~ 1 1 1  not nuke  
any difference In the an~tor-nic,~l structui r, '1s I eve'iled b j  the ml~ros-  
cope nor even m the specific grdv~tv It  wlll be re\ ceded only by an 
X-ray xnvestlgatio~l Such cl~fferences in m~~e l I , i r  orleu t d m  of the 
same specles can bc coilceir nbly brought ,~l~ot l t  I,y the d~fferent rlitcs 
of growth A slow growth, ~nduced by l x k  ot rcri~nn,il r c t m  01 ~ n t -  
ting aw:iy of the fol~nge ctulmg tht gloiving scas~m nf the ye~tr, 1s 

fmou~ab le  f o ~  better ml~el l ,~ t  oric~it,hon w i e  thc p~octuct~on uf nen 
cell., will be slower m c 1  tht 41 etchm< ot .ill c c i f Z \ r  txi5t111q ~ d l s  w~l l  
Ltke p1,tct' to .L g l ~ ~ l t e r  c\t tnt A 4-w glou tll x i  111 tlln\ 11rr1(111~c ~t 

timber meclianlcall~ stlongel t l~ i t i  ,i y u d  grun tl1 



(b) C o m p a ? v o n  of d z f e r e n t  s ec t~ons  of Ihe same speczes- 
The next important fact that comes of an  examillation of the iesults 
1s the variation of the relatlve elasticity between the tangential anc\ 
ladial sections as  we pass from one specles to mother Thus m 
' Tectona Grandis ' and ' Bombax Malabar~cum ', the 1  dial sect~on 1s 
more elastlc tllan the tangentral section whde 111 ' Terminalla Panlcu- 
latLk ' and ' Artocarpus Hlrsuta ', the two sect~ons have almost the 
same elastmty In ' Tei  m~nalla Tornentosa ' and ' Dalbelgla Lati- 
folia ' the tangentla1 sectloll IS more elastic than the iaclial sect~on 
A study of the longttudiilal scct~on '15 shown by photo-micrographs 

t h t  the pope1 ties in 11 longllucllnal dl1 ection are strongly 
influenced by the ndure  and d~stribution of the ~ n e d ~ ~ l l a l y  rays It  1s 
well-knoum tlid ray5 are mechmlcally vely much weaker thm hbres 
and obviously an abundance of rays in large patches slzould detract 
cons~der~~bly  f ~ o m  the mechanical stlength The  tangent~al longltndi- 
rlal sectlolls of ' Tectona Grandis ' and ' Bombax Malabmcum ' show 
that the fibres a1 c running almost st1 alght and the I ' ~ y s  are occul lmg 
in large patches and in gleat abundance Evidently, thcrefo~e, there 
is a comparative scaiclty of fibres in the tangentla1 plane as against 
the ~ a d ~ a l  plane with the co~responcl~ng lowel value of the modulus 
in the tangential than In the I acllal plane In ' Tet  rnlnalia PaniculataJ 
and ' Altocarpus H~rsuta  ' the f ~ b ~ e s  are long mcl stralght and the 
rays are small, Irregular dnd scanty wlth the ~ e s u l t  that the raclicd and 
tangential planes are about equally strong In ' Telminalla Tornen- 
toss ' and ' Dalbergla Lat~folla ', on the other hand, the lays ale small, 
numerous and un~forinly dlstr~buted The fibres are wavy and 
strongly mterlocked in the latter case The wavy naturg of the fibres 
in the tangentla1 plane prevents, as ~t were, the lays from being 
cubjectecl to duect stless while lt 1s obvious that a radial sect~on will 
cut througll a number of fibrcs and expose the lays to direct stress 

AccolcIWI~ the tangential sections are mechanically stlongel than 
the radial sections 

(c) Co~npnrzsoa  of dzfe'elejit dzrectzons o f  t h e  same  sectzun - 
C*mlng to a stdl more deta~led exxmination of t11e properties within 
the same sechon, we find helr that we have the lllost impo~lant 



~hdlacterlstlc of the mechGinl~,~I prope~ tics ot tv~.c,~,d. TTTfletIlcl 
~ollsldel the ta~lgelltlal or the r a d d  se~tlon, t11~ moclulus 'rlotlg the 
fibre ax15 1s lllally tlllles that across it This r,rtlo fol tllo s , ~ m t  
~ + t l o l l  flolll species to s p e w s  and ior thc s,me \p~Lle\ ,  lt v,lries $15 

betweell the tangentla1 and I ;td~nl \tctions It\ L ,dut {lt  pen& ~tpurl 
the thicliness oi the fibre n all 111 rc1d1011 to h b ~  t d i , m l c t ~ ~ ,  iilcrc,jslry, 

with dim~llishlng t h ~ c k ~ ~ e s s  of tv,lll ,uld s ~ c e  veis~l Thus in ' Ddbcrgl ,~ 
Latlfolla ' w t h  very thlck wdlls the I ,itlo 1s 'ibout 7 1 ~vl l~ le  111 the thrll 

walled ' Bombax MaLib,tr icum ' the ratio is about 3U 1 
(d) Theol eflcal c o ~ q ) ~ t ( ~ f t o ~ i ,  of flie Y o I ~ ) ~  q'\ 7,10d11l115 t j  ( I .  

cellulose $br: -The ratlo of tlic Young's Modulu~ of nood 111 tile 
longitud~~lal dnect~on to that in the trnnsvel\c dlrectw11 c,m I x  ~ r l c u l  it- 
ed theo~eticrtllj frum the knotw cl,isli~ plopertl,\ ot ctlluluw ~n the 
two directions together with thc knou n mic1 o w ~ p i c  st1 u ~ t u ~  e o k  the 
cell~zlost: i1bre5 in wood The c;~lcul,~t~on\, of~o111 w, m t  olvt c e ~  trtlll 

approxiinat~o~ls wh~ch 'ue mev~table In ,i problem ui tlu\ h~licl Tht 
most rrnpol tmt  of Lhese ,rpprox~rn,itio~~s 1s the I ~ J I ~ \ I ~ L I ~ I O I ~  c~t tlic 
cell~~lose h b ~  t as ;l cyli~lcl~ic,tl tube of mte~nal r d l u s  ' ,4 ' ,111d extel l ~ t l  
radms ' b ' In the actual experinient,~l cktti nl111,ttiull ot tlic Sou~ig 's  
Modulus no account is take11 ot thls hollow strmtw t , w t h  tht I t\ult 
that any apphecl 101 ce being supposed to be uniful~lilj cllstr~l~utetl u t  er 
thc entire cross-sect1011 will glve r ~ s e  to ,L sm,tlltr \ Ant ot  the \tress- 
distrlbutioii t h m  what ,ictuaIly obtains 111 tllt ~ ~ L C I I ~ I L I ~  rt11t1 the modulu~ 
c,dculated on t h s  ignormg of the hollow 5trncture n 111 be le% thin the 
real value of the modul~i\ Tht ~11,trigt: of C I I I ~ ~ ~ ~ S I O ~ ~ S  of h01I~)w t d x b  
w~ll  give llse to dlfterent str,ms t~long the ;1x1d m d  I , I C ~ I ~ ~  C ~ I ~ L C ~ I O I I S  

even though the stresses In the different dlrteti011's l i c i ~ e  tht smle  
value and consequerltlg the '~pparent e1,istic nlodrllus of ;I 1~~I luw 
ski u ~ t u r  e Lilong m d  ,woss the  us o.t llit fig~11 L ~ 1 1 1  11,tx L dlfiertrlt 
vdues even though the m n t t - ~ ~ ~ t l  111 the sultd state should he elristi~,tll~ 
  so tropic dnd 111 the Lase oi 'ui ~i~tnnsic,illj .11motrop1~ s u l ~ ~ t , t n c ~  iikc 
cellulose, the nnisot~ opy n ill be enhan~ecl I > >  thc llollon ~ l t i ~ i ~ t ~ ~  L Tlld 
iollowlng ~xzethod entt.bles us to ~olnpute the Younq's 'SX~d~lus ot &L 

hollow structure *long the n m ~ l  ,111d r;lcli,tl d l ~ t c t ~ ~ n \  111 t e r ~ w  ot t i l t  
Modulus uf the m G ~ t e r d  In tiic L O I ~ C ~ ~ O I I L I ~ ~ ~ ~  ( h i  t ~ t l ~ ~ i s  



(1) Longttudz?~al -Let us conslcle~ '1 ho l l~w tube of lnterna1 
radius 'a' and external ~ad ius  ' B '  s~zbjected to an l ~ x ~ a l  stress F 111 
the absence of the knowledge of the l~ollow stluclut e, the appalent 
cross-sect~on of the tube wdl be taken as .rrb2 The '~xlal stless li7 will 
be the effect of a force r r b 2 P  actmg along the axis The leal value of 
the cross-sectlon bemg a(b2-a'), the effective stress wdl be the ratio of 
the force to cross-sectlon 

.rrPb2 E'bZ -- The effective stress = ; (b2 - d) - bL -2 

If the axial Young's Modulus of cellulose is q, 
stress 

slr am along the axis = - - PbZ 
inodulus - p (b2 - a2) 

Tlus wdl be the leal strain obse~ved In the expellment but the 
stress supposed to be ploducing t h ~ s  sttain wdl be 3' Therefore, the 
apparent value y, of the inodulus will be the ratlo of the apparent st1 ess 
to the obseived st1 am 

(If the cross-sectlon of the tube be squnle Instead of circular, 
with internal and external sldes of length 'a' and 'b' iespectively, the 

T 
actual cross-section will be greatel in the ratio of 1 hut theu ratlo 

wxll be unaffected so that st111 q,= [";"I - x 4 )  

(11) T? a?zsve~ se ~ n o d a  1 zis -The radial st1 am of a l~ollow tube 
under rxlial stress gives rise to celtain coinplex effects caused by 
lateral contract~ons in the I adial section at nglit angles to the st1 ess 
and hence Poisson's iatm wdl be ~nvolved in the mechail~cs of the 
problem 

The r a d d  displacement 'u' at a distance '1' horn ihc axls of a 
hollow cylindrical tube of inte~nal m d  external lad11 'a' and 'b' I espec- 
tlvely under steady u n ~ f o ~ i n  piessul e P8 on the side of r'ldrns 'a' is 
p e n  by7' 

a T P ,  u = b2 
(ha - a2)jr' where o 1s the Poissor~'~ 



In the Labe of d hollow fdxe of ~tllulusc ,ul\ \ ~ I L \ \  Itppl~cct 
~ ~ ~ c l ~ a l l y  on the outs~de will plocluce ,i I rtcli,~l mn,u d tl~yrl,~celrltnt of 
any point In the c10\+5ectiun ,tnd ~t 1s ery unli1,~Ij t l ~ t t  ti121 t \till 
be: m y  d re s s  on the IIIIWI s ~ ~ r i u e  \ i n ~ c  tile h l ~  e 15 111,111 ,ti L ~ I W I I ~ ~ ~  

o d y  all In such n c,ist, ~n l lmg P, the stless on  t l ~ t  s u i t ~ ~ t  of r d l u s  
'b' m d  consequently ~nter~hanglng 'a' ~ I I C I  'tl  111 thc ~ \ p l e s \ l ~ t u  to1 ' u '  

we obtam the dispIacernent. 'u' dl CI rlistml~c ' I '  trom tht axis a\, 

When ? = 6, i e , ,it the outer edge ot the fibie, 

Thc stram at the outer surt,w dong the 1.tcllu5 is equal to 

The apparent irioclulus q, m the mdml dircctmrr \vdf bc equal 
stress P" 

to ------ --- ~ t r a m  - u / b  

(a" b=) q' 
q2 = + T W  



tube of ladus ' 9 '  closed by lzem~sphell~al or hem-clhpso~dal ends with 
a small thickness e of wall, e b a n g  srnall compared to '1 '  and 
subjected to a stress P, the change, 11, in radius 1s given by76 

Thus the Young's ~noclulus of a hollow cellulose fible can 
be the01 e t u l l y  calculated atld the following t&le sets foi th the 
calculated values of the Young's ~nodulus m t e ~ m s  of the Young's 
modulus of cellulose in the col re sponding cllrectlons for diff el ent 
ratios of wall thrckness to fibre cl~ametcr In the case of the 
trmsverse moclulus, the vdues h u e  been o b t ~ m e d  by usmg both the 
equations I and I1 md are en te~ed  In colunms 4 and 5 of the 
table 

TABLE XXXIV 

Y0u11gJs 
Modulus 

Fibre 

Young's Modulus across 

- Flbr e - 
Equatmn I ( Equatlon I1 



THE EFFEC~' OE ~.JGXIN UN I'HL (;1<(,bh-Sll(l~1. 1 ~ 1 \ 1 1 .  

OF CCELI.LJI,U~E Fxnws 
For a proper estitnate of the efiect ot Iignln on the tl,t\ticlt\ of 

ulose fibres, it would be nececsary to have ,HI ~ r l t a  ot tlte in& ot 

rlbutlon of Ilgnln 111 wood In this c o n n ~ c t i o ~ ~  t l ~  n orb ot Hl t t~ r  
Freudenberg is of gr edt importance Auording tc~ Iiittci , the 

111 m wood 1s present ~ t l  two forms, one f a n 1  eus t t i~g  as A ctisperse 
se d~stributed In the cell wall in a p ~ ~ t t ~ t l j  L , ~ I U C ~ I ~ I L ~ L S \  r i t l i U f -  

)us state while the o the~ p x l  forms ,i ~ o i i t ~ n u o u ~  \trtietuie constk- 
ng the middle lanlella 111 wood Rrtte~ llowtver does iral 5,t~ 

rthing as to ivhether the Lttter Iignin 1s alw ,imo~pIious i~itnti\~~,tll! 
wdenberg while givrng conclu~~ons gentr t~l l j  ,tq1 e c y  n 1111 Iilttt r , 
mtely finds the mddle l,unell,r l~g~ l in  to he tnt11~1> ,u110rp11ou~ ,111~1 

t the Iignin dispersed in the cell iv,~ll is ~onhnccf to 2 1 1 ~  pr1111,tt I , 
ondary and perhaps L~lso to the tel t ~ a y  I,ij orb ot th,  ell w,dl but 
t most of the cellulose crystall~tes in the cell n all 1 1 , ~ ~  no ~ ~ l ~ t . t ~ t  

11 lignin Remernbeimg that the 11~11111 ~011tmt 111 slwst ~ o o d s  1, 111 

whereabout., of 3w, it will be 't tali tstun,itt tu ~ssumc tl ld 35'5 
the total weight of wood is present , ~ s  Iignm 111 tht m~clclle 1,tnzella 
uould thus come out that in most iioods, tilt ir~nrmnt ut 11y1111, 

:losing the cellulose is very nexly half: the nclglit ot tht  e~ lc l twd 
lulose (257; 50%) Since the clens~t) of cellulose is nt,irl> t t ~ e  

ne as that of Iignin the propoi tion b> ~ o l u m c  ok ilgnm to c tllulr~sc. 
most woods tvill be as 1 2 (In the c,~st: of LJolrzI~x hI,ile~baricurll 
, ratio will be as 1 10) 

Long~tzld~naZ Elastlcbf -The longitudnl,il e1,tsticlty of ~i 

lulose fibre sheathed 111 iignm' (lign~fied ccllulo\~ fibre) ,ir it ocLur$ 
wood can be estmated as follows Taking any Icnqth of ,i l~gn~flecl 
re, let the area of cross-section of the ~ e l i u l o ~ t  portloa hc. I L  ,tnd oi 
I lignirl portion be /3 Any extension longituclln,dly of tlw fihi t will 
lduce equdl extensions in the cellulose LIL) tvdl '1s the llgt~rt ~3ort1ons 
t the stress dlstributlot~ in the two portions ~ 1 1 1  hc dlttcrt.rrt I t  n L  

,ume the longatud~nal elastic moduluc of ~el lulow in n uod to ht  cl 
d the elastlc modulus of ilgnin to he q, the stres\.m tllc titcr portions 
I1 be proportional to the eiasttc modulr Let ' e ' be the lo~igrtudiridl 
am of the complete hbre 



Then, the stless in the ccll~~losc po11ior-i = ecl 
and the stiess in the l~gtlin poition = ey 
The f o ~ c e  on the lespective port~on\ wlll be equal to the stresses 

111 the portlolls ~ilrdtipl~ecl by then woss-scctlon:il aleas 
Hence, foicc acting on the cellulose poi tion = ecla 
and force acting on the ligain poi tion = ecjp 
Total foi ce producing the long~trtdinal st1 am = e(aq -1- pg) 
This force will be applled on the cioss-section of the fibre and 

so the apparent stress will be equal to the ratlo of the total folce to 
the total area 

Appaient resultani stiess = e(aq +P@ 
(a -I- P> 

and since the stram is e, the appaient nloclulus will be equd to the 
ratio of the resultant stress to the total stlain 

In the case where the volume of lignin is half t h ~ t  of cellulose, the 
cross-section in any given length of fibre being pioportlonal to the 
volumes will also bear the same iatlo to one mothel Hence m S U C ~  

cases, 

Substitutmg 4 x 10'' clynes/cn~~ for q, 

0 2 x 10" dynes/cm for q and a ==2p we obtain the I esullant 
longitudinal elastic modulus of cellulose 

In the case of Bombax, q = 2 x lo1' dynes/cm 2, q is the same as 
before, while 

T'I amzrev se elastzczty -The following consiclei at~ons help to 
eltlciclate the tiaiisveise elastic modulus of a cellulose fibre sheathed 111 

lignin Any transverse stiess applied to a fibie will be con~inunmted 
equally on the cellylose poi tlon '1s well as the lignin portion and as such, 
the strain produced in the transveise direction in the two poi tlom w d  
vary mversely as the elastic modulus in the respective poltlo~ls l'hc 



Conwlcr CL ~ross-xct lon of the 
conlpiefe fibre r )f n w t I ,  In which 
AB(=n) i e p ~ c w ~ t s  the rathw uf 

O the hollow portion ~ t iwte  the i~bre,  

0' AC(= b) repiesents the uuter rad~zrs 
of the cellulose: portron m d  A D  
(=c)  represents the outer rcidm\ of 
the hgnm pol tlon 

FIG 17 

The th~ckness of the cellulose portlon = ( b  - a) 
and thickness of the lignm portion = (c - b) 
Since the volume of cellulose 1s t w i u  that of Iignin, 

r (ba  - na) = 2742- bb2) I 

Let u s  consider m average frbie of wood 111 wliich tlie  ell 
I thickness is + of the fibre didmete1 ,is ex,trn111ed photo-11mrc1- 
shlcally on the cellulose hbres under ~rossed  rllcol.~, the11 
a )  =% (2b) 0 

Hence b = %a 

Substltutmg t h s  value of b 111 equ,ition I,  we o b t m  

c = Z 9a so that ( b  -a) = 0 66a and (I, - 6 )  = 0 24n 

If we now consider LL t hn  strip BDIY1-S' lsol,rted ~ I u n c ;  the 
la1 dtrection and subjected to e\ rcidml streqs S, 

se modulus of cellulose 
X 

and strain 111 the Iignin p a r t m  - - 
Y 



Extenslon 111 the ~ellulose portlon = Stram x length 

S X 
and Extenslon In the l~gntn pot ton = - CD = -( 24a) 

Q 4 

Total radial extension= Sa - -I- - [ :I 
EX~~IISIOII  - Resultant radial stress = - -- --.- 

Length (i6a-l- 24a 

Stress - X Resultant modulus - -- -- - 

Substitutmg 0 42 x 10'' dynes/cm "or the transvei se modulus 
of cellulose m wood and 0 20 x 1011 dynesjcrn for the rnocl~~lus of 
hgnm, we obtam for the transverse Yomg's modulus of lignified 
cellulose fibre the value q,=O 305 x 1011 dynes/cm 

A slmlar calculation for fibres in which the w d l  thlckiless 1s 

114 and 117 of the totdl fibre dlalneter glves respectwely, the values 
0 3 15 x lo1' and 0 295 x 10" dynes/cm 901 the modulus 

Correspondmg values for 'Bombax Maltlbaricum' can be calcu- 
lated by substltutmg for equation T, the equat~on 

1 Conzbzned e fec t  of gross-structure and Izgnzn-We axe 
now In a posit1011 to calculate the elastlc modulus of wood along and 
across the fibre directions by taking mto consxderdt~oil both the 
stiuctural anisotropy and ligmn to modify the lntrinslc amsotropy 
of cellulose The following table sets forth the calculated and observ- 
ed values of the longitudinal and transverse rnodt~lus of elasticity 
of the varlous tmbers obtained by an application of the above 
method 



,-I 4 l-i r 4  dl-i 



Consldermg the unavo~d;tIde ~lt~certatntws and necessar 
a P p l o x ~ ~ a t i ~ ~ ~ i ~ ~ ~ l ~ e d  in the calc~11at10116, the agrccnlent betweel 
the calculatecl and obseivecl val~xes should be conslderecl good I 
ge1leral the observed values arc slightly slllaller than the calculate, 
v a l u ~ ~  due ev~clently to i~npeifections of actual stiuctute deviating fron 
tile regula~lty of an assumed geometric struclu~ e The case of th 
lol~gitudiilgl modulus of 'Boinhnx Malabaricuin' is exceptional in th 
sense that the observed value 1s scnslbly gieatet than the cdculc\te1 
value Thls IS very IlIccly due to the fact that ihls timber is th 
only o m  of the tiinbeis examined whtch has developed c1os5 
members inside A fibre Such a development is conduc~ve to extra 
strength and apparently the obse~ved value is In excess of th 
calculated value smce in the calculat~ons, no account has bee] 
taken of the effect of these closs-memlsers The leason why th 
transvei se modulus of 'Termlnalia Paniculata' is gieater than th 
calculated value 1s lather obscure The sligl~t excess of the observe 
t~ansverse iiiodulus over the calculated value in the case of 'Dalberg~ 
Latifolia' is probably due to the effect along the t~ansverse cl~rection 
of the contribution towards elasticity of the extremely numerous an 
extraordlnarlly regulai ly arranged medullary t ays, cl~aracteristlc c 
thls wood 

2 TI~e~rnni: Contlztc-tw~ty --The explanahon of the the lm 
conductivity of wood on any theoretical baas wlll be beset with coi 
slderable difficulty Acco~ding to modern concept~on~" inetall~c cor 
ductlon 1s based upon the Lone theory of the valence electrons in th 
crystal lattlce In the case of the non-metcds, however, the pnnclp, 
factor i~lvolved 111 the mechmxsin of theiinal properties is the ellerg 
states ol: the nuclear vibiations rdhei thnn those oi the valence elec 
tlons, although the latter may serve to tluow add~tional llght on theim; 
prope~ties" When heat is, suppl~ecl to one part of '1 in~tei lal  th 
nuclear vibl ations there becoine st1 ongel and st1 ongei dncl a1 e pic 

pagatecl through the matesml in the form of what ale conlmonl 
known as the Debye sound waves Even though these waves trav: 
with the veloc~ly of sound, thezr mean free-path is sinall Thl5 IS du 
to two main causes In  the first place, the wnves ale scattered o 



account of a. ~nutual interference r l l ~  In t l ~ r  ~ n h , i r t z ~ c , t ~ i ~ ~ t ~  r t f  

elastic forces cdlecl into plav c h ~ ~ m g  the11 mollon ,~nrl in tlte sccnnrl 
place, n scntteling of the nave takes p l ~ t  du t  to 101 , L I  fluctu,~tlr,n.; In 

thc structure of the ~ileclium In the Lnsc nf a cr>\t,ill~no 11zc~l1111n 
where a certain ntoilm pat te~ n repeats itsclf i cr \ requI,t~ lv, tilt 
structu~ a1 flu~tuatlons of the m ~ d i u m  n 111 be nt qllgit-11~ sm,tll ,i~lrl 
the free-path of the waves will theleiore he ;te,\tcr ~n .i Lri st,tll~nc 
medluln than m an ~ ~ m o r p l ~ o u ~  one Thl\ inc t t ,lsed v,ilut rrf tile 
i~ ee-pdh of the w n e c  nil1 glr e ,111 inu  c ~ s e d  thcrm,tl ccmtluc 111 l f l  

111 tlie inatella1 Thus '1 sul~stmce 111 the IS! st,illlne \t& 11111 

co~ld~tc t  heat nluch bettei than the 5 m ~ .  sul~statl~t.  111 tllc m o i  plic~ur 
state A remai l~ahle cs,tmple of this he l lmuu~  15 slion n 13v q u , ~  t i '  
I11 the vitieous state the thermal concluctivity ot: cluatc 15 I 1 :' x 10'" 
wlde  that of crydal qu:lrt~ is 134 x lo-' Thus tilt p r o i c ~ ,  of 
cr pstalllsat~on has ii~cre~lsed the concluctn ity nea-lv tcn-idtl Tlus 
conception i s  also borne out by the fdct thnt the therrn,-il condu~ttv~ty 
of c~ystalline suhbtdnces diminishes tvltli mr t , l se  ot. tcmper,rturc 
Evidently with incre~ue of temperntui e the IIILI r,tsecl t l~crm~tl  ,tglt.\tion 
of the 'ttoms wlll sellously afiect the regulmtv of the 1,itti~c nit11 .z 
correspond~ng decrease In the free-path ok tht D t b ~  c n :iw\ 

Illdependant optical evidence for tlie propq,rtion oi thew 
Debpe waves m sohds 11'1s been obta~ned by R m ~ t n  nncl Vtnh,itcs- 
1varan7$ from obc,ervations on the light xattermq in ~ r y s t ~ ~ l l i n t  m d  
amorphous substances In the case of ci j stall~ile mecl~t, positive 
evlclence has been obtamed for the pleseilce oi the Debj  e n ,we\ mcl 
t helr propagation 1~1th tlie velocity of sound, wli~le verq L;LI ekul 
observatioils w ~ t h  m~orphous substances llwe not yielded ,in) wiiilLrr 
results 

It  15 therefore rensorlable to expect t h ~ t  '1 n cl l -o~cl t~ ell 5truc turt 
a h  tll& nl a crystal v d 1  collduce to <i hetter t l ~ c i n ~ i l  coiitluctir~t!~ 
Gene1 ally it1 the case of organic compouncI\ ~t is found th,d ti! k t l l ~ \ ~ r -  
tlon i l m  eases co~lductivity conwlcrablj tl~ouqh to ,1 sm,rlltbi c t c y  LY 

thlzrl ln ~ n o l  gmlc coxnpouncl\ Thus :?-X,tpIltl~alcn u11cy l ttcF" 111 
gulllg f r ~ ~ l ~  tilt. ,111l~)l ph0~1'1 to t l l ~  11 V S ~ ~ L I I ~ I I ~  \ t r L t ~  ( nIl[{U~f 3 111,~f f \\ 11 t 

,is well 



Fur ihe~,  ~t is reasonable to expect that In a stlucture 
different bindmg st1 engths in diftei ent dl1 ectioas, the thermal 
ductivity will show a cot responding misotlopy being gl cntel 
dlrectlon of strongei bindmg It is ltnown that in the ca, 
gtapl~ite,~' the conductlvity in the plane of the layers is foul tl* 
great as thdt acros the layers In asbestos, the conductlvlty alor 
f ib~es is twice what ~t is across the f i b ~ e s  In the case of wood 
known that the binding iorces In the direction of the fibres 1s 
stronger than In the transverse direchon and consequently the tht 
~ond~c t iv i ty  should also show a marked anlsolxopy, being greai 
the longlt~zcl~nd duection than 111 the transverse dlreclion In& 
would appeal lrom the expel imental i csults that the a c t ~ ~ a l  amro 
is less than what could be expected theoretically The low val 
the anisotropy of thern~al conductlvrty obse~ved in the expermen 
p~obably be understood from the following considerations. 
mechanism of theiinal conductlvity is a complex one invol 
as ~t does, for any one dlrectlon, the bel~aviour of three sets of 13 
waves, one longitudinal and the two othex s transverse The long 
nal waves wlll involve the Young's Modulus of the inaterlal ir 
corresponding direction whlle the transverse waves wlll mvolve thc 
torsional lnodull in the two mutually perpendicula~ directions 1 

transverse plane Thus the anrsotropy of thermal conductlvity 
not stancl in any smple relat~on to that of Young's Modulus b u ~  
be considerably modified by the torsional modull of the mate1 1: 
which, however, we have no knowledge at present 

Perhaps the mole important factor which contributes to 
low value of the anisotlopy of conductlvity in wood is the coml: 
effect of the stiucture of the flbres and the propelties of the 11 
enclosing them As 1s well-known, the fibres xn wood are hc 
tubes of celIulose enclosed m ;1 llgnin sheath Consider~n; 
average fibre 111 whlch the cell wall thickness is one-fifth of the 
diamete~, as  already shown in the section on elasticity (refer 1 
295), the relatlve areas of cross-section of the hollow space, 
cellulose portion and the lignin portion wlll be as 9 16 8 ,  so thal 
hollow space and the hgnin together make up mole than the cellu 



tlon of the cross-sect~on In the Iot~gitudinai transml~ston rrf heat 
contr~hut~on due to the hollow portlon will bc qutte np=ligrble, 

-e the conductivltv of the alr present In t h ~ s  space is v e n  ltm 
: Ignin poltlon can ofcourse cnntll~ct some heat but its r-nnrluc- 
ty is very m a l l  Cnnsequentl.i, thc tlffectwe cnnctut lltw of h e ~ t  
~g the long~tudlnal cl~iection ~ 1 1  he t eclu~ed to ncsLar 1.r 11,iIk i t ,  

Lie in cellulose due to the comhinecl effect ot the hollow qpwe and 
l~gntn .;heath 

In a tranwer sc dl1 ec tmn, howrver, tht effectwe rw~rluc tlvitv 
ellulose wlll not be affectccl ver\ much The iintural condiictlv~ty 

~ellulose normd to the cli,ilt~-~t.i~s ~ 1 1 1  ltsclf he loa on ,icctmnt of 

1% eak secondary honcl.; In this r h  cctu rli AIw, the hollow \pace 
n ~f it could not concluct heat to a n j  , ipp tec~hle  extent, n ~ l l  open 
the possibility of heat rad~ntion ,moss the c m p t ~  splice f ~ o m  nix 
1 of the fibre to the opposlte one m d  to thl\ rnaj be ,~ddecl d \ o  
contrlbutlon to heat transfer by cotlvectlon m the ~nttivening 

ce Tlle r,tdtat~on and cor~vection ddded on to the sm,dl conduc- 
ty of the air In the hollow spice m.iy togttl~er 111,ibc up the he ,~ t  
x f e r  across this space cornp,rnblc: to the c o l ~ c l ~ ~ c t ~ v ~ t ~  of lrgnm ~ n d  
) q u ~ l e  poss~bly to the tlC1n\\ ersc cotidu~tlv~t\  of ~ell~tlcrst. 

Thus the resultant eticc t nf s t r u ~ t t l r ~  ,uld ltgim cln the 
ductlvlty of cellulose 111 II ood 1% dl he to c o n s ~ d c t h l j  c1111~11t~sh 
longitudinal conductivity whlk l c x ~ n g  the tl  ~rilsvet w I me prdctt- 

y undiectecl, so t h d  the ,misotropy of ~o~zcluctlv~t\  \\ 111 hr 
slbly recl~~cec1 

Theo~ \ .  a p r t ,  m ex,mtnntion of the eupe~imcnl,d rc,w~lts 
~ g s  out certa111 facts pi ommelitI\ As gclic'1~1 rule, tht cunc1uct1- 

7 Increases wltll densltj Tii, c o n d u c t ~ v ~ t ~  h n ~ q  thc h h c  of 
rmlndlla Tomrntostt' 1s nearly t1.i ice that of ' R o n ~ l u x  Sf ,iI,\h~tlIr"um 
I a colllparlson of I h e  denslt~es of the two ivonds \lln~-c \ t h t  t fv 
,slty r,ltlo IS also two Whrrc, tlicre ir ~1 cleviat6w fmm thr\ 
[eral rule, pllotom~ct(qraphv of the Se~tlOIl 3PPCdrq to d i t ' i  

,lanatloll ~ 1 1 ~ s  !+re find thdt  the CQZIC~UC t~1t . r  of "?'el r ~ m t h ~  
uentosd 1s ollly 6 1 x ivlde 'Tectona Grar~cll\' n l t h  A d141nt t l j  



stnaller density has a cond~~cttvity of 7 4 x The fibres of 
tile former wood are distinctly wavy in chaiactcl frequently inter- 
posed by numelous patches of medullary rays. The medullary 
rays are usually veiy much llglltei tissues with large hollow spaces 
and would contrhute very ldtle to conductivity especially m a 
direction at rrgllt angles to the11 lelzgth ' Tectona GrancllsJ on the 
other hand has almost quite stlaight fibres running pml le l  in big 
patches Thus what is lost in density is inore than countel-balanced 
by a well-ordered structw e 

Even more reinarlmble than this variation with denslty IS 

the variation of thermal cond~~cttv~ty with direction in wood The 
conduct~vrty rn the direction of the fibre 15 a lnaxltnum whde 
as a general rule the coi~ductrv~ty acioss a tangenlial section is about 
two-thlrds of tt and that acloss a radial section is only about 
half of it If it is remembered that while flowrng acioss a tangential 
scction the heat is betng tianspor Led across the fibres b ~ ~ t  along the 
rays while 111 flowing across a I adla1 sectloll it IS bemg transported 
across both the lays and the fibres, ~t is easy to see Ihc~t  the 
Iatter conduct~vity sl~ould be slnaller than the former The ex- 
ceptron 111 the case of 'Ddbergia Latifolia' in wluch the con- 
ductlvlty across the ladla1 plane IS greater than that across the 
tangentlal plane 1s apparently clue to the fact that the fibres are stiongly 
interlocked and twisted, so that d fibre, instead of runnmg eveiy 
where longltudlnally, wdl f~ equen tly be cutlrng mto the transverse 
directton with its length now acioss a radial plane and now acioss a 
tangentla1 plane The lugher conductivity dong the fibte will there- 
fore contribute to the transverse concluct~vrty atid rf the shape of the 
twisted fibre IS a helix, as is well-lrnown, with an ell~ptlc section wl1ose 
maJol axis 1s normal to the radlal plane, the conduct~vlty across the 
radial plant will be gredet fur the^ it IS VX~I fiom the photo- 
micrographs that the rays arc not at all st1 sight but ale very much 
distorted on m m n l  of the large twisting , ~ n d  ~nte~loclring of the fibles 
with the result t h ~ t  the transpolt of heat  long the rays wh~ch will 
contribute to the conductrvity acioss a tangentla1 plane 1'. very much 
impeded* It  1s very s~gnllicdnt that ui ' Bombax Mal~ibarrcumJ 



;h no real fibre formation 1s cv~clent ,~iiil In \illtcti ll1ecl1~ttlic,~1 
ies a1 e thin-n allecl and prorlcled n rth ,a 1 , ~ t  qc, rluml,~r of ci 05s- 

nbers, the conductivity IS h r  l j  the s,imc 111 ,111 cl~i t c  t l c ~ t n  cn 
11s case, the little ditlcrencc tllcrc is 11catn-~tn the r,~tll:~l ,tnd tile 
,ential directions IS in confolimt\ w1tI1 tlic :;cizer,d hel~,i\lour o f  
-tmlsted fibres The ver y low thct mil condu~ tn  ~t!  ot this ldst 
les cornblnecl w t h  the fact th lt rt 15 G I \  I ~ q l ~ t ,  ,i\ ~ ~ i I , ~ b l c  111 r t d ly  
large srzes and 15, unlike thc mare costl\ coil;, c,quhle of 

~g easily norked by hand ur on thc 1,ttlli: ,it vtrk hrqll 
d s  opens up a large possrb~lity for this nnid 111 thcrmsl ~nsul,ttton 

~str ies  
While there IS no much u n ~ e r t m t v  and v'rguenc\s ahout the 

ial m e c h m s m  of thermal conductivit> in nnod ~t is hardly po$\rble 
bxpect that the temperature vdilntion of ccmiluctivrtv could l ? t  
lamed on any simple giounds The rcwlt5 In gene1 nl, h m d  
~titatrvely, confi~ 111 the obserc at~onc ot LLI 1 att dmut  the mcro;lse 
m d ~ ~ c t ~ v ~ t y  of woocl wrth nse of tempe~ ,itw e Thl< hosv~i  el I ~ t s  
1 observed to be the case o d y  n ~ t h  respect to t l ~  ,i.\ial cnntlucttvlt~ 
e the transverse conductrvity d~inin~shes u\ually n 1t11 .I I ~ L  ot tun-  
kture up to a point and then hegins to incrc'w Taking the result\ 
mgltudinal conductivity rn conjun~tion n it11 Euc 1,cn's r )h\er\ .ltions 
he vai-iatron oi concluctiv~ty of nan-mct,tll~c LI} h l l l r le  a l c 1  ;11110r- 
1s substances, one is l~kely to conclude that \I-oocl in bulk h c h ~  t s  
an amorphous sub\tanw , but then lt ndl be Iirird to ~tconcrle  tin\ 

Ausion with c l ~ i n ~ n ~ t ~ o n  of C U I ~ ~ U C ~ L V I ~ ~  wrth ~ I I L I C , ~ W I ~  t ~ m p t ~ a t u r e ,  
:ast up to <I limit, 111 the trmsvcrse directit~~l The t er> rndier l  
otropy of eL~strc~t j  and thermal expinsion n ill b t  strll incrrc difficult 
x o n c ~ l e  with this ~ d e a  Evidently r t  1s not quite 50 wnple ,I iuatter 
lra\\r such hard m d  fast c o i ~ ~ l ~ s i o n s  011 the r u t u r ~  ot m ~ t t e r ,  
:clallj of sucll c;olllplex: materi,d ,IS noocl, nlcrelv f ~ o n l  the bel~ai  lour 
3ne single propel ty llke t h e l ~ n ~ l  L O I ~ ~ I I C ~ ~ V I ~ ~  III~CCCI, A \  I N \  
ady beer1 polntecl out, the phenonienon of t11erm~i.l conclu~tir.itt 1s 
dltloned b j  so rnmy othcr I d o r i ,  of which n e Ir,n c ,it pesrtrt  $0 

: ~nformat~on,  that lt sxdl be I~.IZ,II dous to t e l ~ t ~ u c  upon ,in? gen~r, t l  
clusions at t h ~ s  s t ~ g e  



3 Tl~eymal erpav,szo?L -In the following c~lscussion, In or&] 
to avold the f r e q ~ ~ e n t  repet~tton of a qudtfying clause, 'a,' is chosen tc 
t epresent the coefficient of Itneat cxpmsion along the fibie, 'a,' tha 
acloss the fibte In a tangentla1 plane I e , the tdngentd transver~~ 
coefficient of linear expanston and 'a,' that acloss the fibre 111 a raclta 
plane i e , the t a d d  transve~se coefficient 

An exa~nlnht~on of the rcsulls given out ~n Tables 28 to 34 
b m g s  out cet tam saltetlt points ancl 11 wdl be well to consiclet thes 
polnts before attetnptmg a theorettcal explanat~on of them 

(1) In genelal, it is lo~ulcl thnt the coeffic~ent of thermal e> 
pansion 1~111s tnversely with the Young's Modulus 111 c ~ n y  dlrectiot 
Thus the longdudind expms~on 1s s e v e ~  a1 times mallel  than th 
transverse one and it is alieady known that the Ioagttuclinal elastlcit 
IS several times latget than the 11 ansvcrse one If, however, w 
find out the exact iatio of the transvetse coeffic~ent of expanslot1 t 
the longitudinal o m  and also the ~ a t i o  of the longitudtnal Young' 
Modulus to the ttatzsverse one, lt  is fo~lncl that the fotinei ratio I 

smallei than the latter except In the case of 'Dalbergt,~ Latlfolta 
It  is known that the expatwon of a body whetlzet in the fort 
of a very thin walled tube 01 a solicl, iod of the same cltmensm 
wlll be the same, so that the vely thln walled lays, even thoug 
they are too weak to ,~dd to the strength of wood, add the 
expansion to that of the fibres The addlftol~ of a constant quantit 
representing the expansion of the rays to ihosc of the libres 1 

the transverse dnd longitudinal du ect~ons will cei tainly recluce 
value of thls iatio, ~t being remeilllseied that tllts latlo based upon 11 

mverse rehiloll to elasticity will be ,in inzpioper I~action (I e , with 
numerat01 gleater than the denoin~natoi) The except~on in the cas 
of 'Dallsergm LC~t~folicz1 is peihdps clue to the large twisling and liltel 
locking of the fibres of thls wood wluch might tend to d~nzlnisli th 
longlt~ldlnal expansion stdl further ancl tlms incl ease thls ratkc 
Further the cl~fferences between these two rattos itlcrease w1t 
dlmlnlshlng value of the deils~ty showmg that as the amount of fiblou 
m a t ~ a l  (which, by the wq, will contribute mote to the d w d  



le vely t11111 walled, n d e  r q s )  chi111shes, tlic efiect of the 
1011 of the r q s  hecomes more and more prol1ounct.d 

I The next point whicli deserr e5 co~iacier~ttion 13 the result 
all the woods stucl~ed, 'a,' is invLirittl~ly Ixgcr t hm 'a ' though 

solute value of the dlfierence seldom t ;~~ct .c la  about 8:: 
rntrlatlon of the photo-m~crogr,ipl~s of the s e ~ t w n s  cur respond- 
the5e coefficients shows that ''I-' corre~ponclc to the lattr,d 

ion of fibres frequently ~ntelrupted by lqcril  of tileclulla-y 
~1uIe 'a,' coliespo~lds except 111 tlic cdse of tn i4ed fibre\, 
to an uninteriupted layer of fibres C)bvwu\ly in the for~ller 
ie expmnsion of the fibre agnmst the weaker r'tys can t,tke 
nole eas~ly but more tlian this is the fact tll'rt tlic eqmislon 
I ays in t h e ~ r  t~ ,tnsve~re d~iettion 1s , i d d ~ d  on to t h t  of the 
smce 'a?' corr esponcls to n chrect~on nor ma1 to hot11 the hbre 
= ray In the c ,w  of 'a,', the unir~tenupt~cl arr,rngemcrit 
fibres mrght inlpede mutual espansrori rind t u ~  ther, the r,q s 

palallel to this plane, their contrihut~on towards uq)ans~on 
qulte smalI 

(111) The last and perhaps the most 1ntett4ti1lq observatui 
ut of the results is the r e m ~ ~ k ~ i b l e  e f f ~ ~ t  of t c n i p r a t u ~ e  
ma1 expansion 111 the longitucl~~~al ,itlcl t r m s ~  er\t, cl~rectiuns, 
nvns more or less uniform m c r e ~ s t  ln  \ d u e  ~51th n w ~ g  
atures whereas 'a?' shons a r a p d  t,tIl 111 t d u e  It 1% tur ther 
that neaiabouts of 200°C the tn o cot.filcient\ tend to become 
The rapld~ty In fall of the tr,ui%verse expmillon nlth iricrensmg 
ature, even suggests that woocl, ~f ~t can r e t m  ~ t s  phys1~31 
les up  to tlus limtt, wtll probably cease to expLrncl trms.i ersely 
250°C or so, as though, before rexhing tllis telnperatnre, 
asver se expmsmn of R O U ~  Ildd renclied lts n1mm~in1 v,tluc: 
~t no iulther applec~~ible expansla11 was p o ~ b l e  nlth n w  of 
ature 

Any theorettcd exp1an;lticm of the tlitxrrz~l expuislon of wood 
t&e into a c ~ o ~ m t  the Jrdlotx ltlg 1mp01 t m t  euper~tnent~rl f1lc ts  

1. At orchncu y temptlnturcs, thc t~,m>vcrsc esp.rnsiun 1s 



sevelal times largc~ than the Iongrtucl~nal e x p m w n  I e , t h e  1s a 
la1 ge sillsotropy ol expansloll 

11 As the tcsnpesntule 1lse.l thc lon$ttuclmd coefficient goes 
on steadily but slowly Inclc~lsmg .~vh~le the transvelse coefficient 
rap~clly d im~n~shes  In value 

xi1 At temperatures approaclmg 200°C ihe nn~sotropy of 
expansion IS negl~gibly small 

Fol unclerstandmg the the1 ma1 pope r t~e s  of mallel especially 
of the non-metallrc Bind ~n the sollcl stcite, Debye's concept~on IS very 
lwlpful Accot dmg to Dehye, t lm ma1 enel gy IS resiclent in matter 
as the energy of a systein ol elastic tvavcs caused by the nuclear 
v~br  dtzons of the atoms const~tutlng matte1 In the the01 y of specific 
heats, the I h e ~  r n d  energy of ~t smple latt~ce 11ke that of a metal IS 

expiess~ble In term<, of Debye functions while 111 the case of a 
conlplex lattsce, 111 ,~cldlt~on to the Debye funcllons, the Einsteln 
fnnchons correspondmg to cllaractei ls t~c os~dlatol s will have to be 
taken into account also I11 the case of, the~mal  expansion lilcew~se, 
in the case of s~mpIe latt~ces ~t wlll be enough to cons~dei the Debye 
Iunct~ons on the bas~s  of the Bo~n-G~uneiseu theoiy while for 
coinplex latttces 11 will be neccssaty to take ~ n t o  account the E~nstetn 
functions also But wllateve~ oscillatol s may be c o n s d e ~  ecl, the 
application sf quantclm consicterat~ons to the energy d~strlbution 
between the vallous nuclear vhrations, with the restriction that the 
elastic spectrum will be Imlted, by the numbel of degrees of freedon 
N (=  32) of the Z atoins coilstrtutmg the system leads to the assocl 
atmn of each vlbratlon frequency with a definite quantlty called lt: 

characteristtc temperaim e The lower the frequency of oscillation the 
lower w11l be the cl~aracter~stic tempes a t u ~  e Near the chai actetrsllc 
temperature, any oscdlator IS as lt welc 111 ,L state of resondncc and the 
bulk of the energy of the body will ~e s lde  ~n such osc~llato~s If 2 

system co&sts ol a number of g roup  of oscdlators, each goup  con 
s ~ s t ~ n g  of a number ol oscillators with chai acter~stic tetnperatureL 
I~ll lg dobe together, wlxle the cl~aractenstlc tempel ature vanes con 
stderably flom group to group, t h e w s  the temperature llses wdh thf 



supplj' of t f~r*naI  enel gy, the g~ oup L O ~ I  t spontllnc,: to tllc Itrn u q t  

~haractellstlc tenlpeiature mill be first excited a ~ l d  the tmpt.r,itnle 
rises above the highest chnracteristic temper;dm e car I e\l~c)ndmq to tht\ 
group, all the oscillators of thls group woulcl bar c r c a ~ h e d  the \t,~,tc ct~r- 
responding to a statistical eqmpartit~on of energy , ~ n d  ~t illore Ln'rgy 
is supplied, the chances are that other groups previouslg rlot t x ~ ~ t e c l  
whose characteristic temperatures he in the nclgtlbourhuod oi tlle 
new temperatme would p ~ c k  up the ~~dditional energ! and t l ~  loner 
frequency oscillators would be lelt more or less ,kt A stexly ener 2: 
state It  IS very likely that the energy of mcre'rsug temp~l~iturc,  m ~ l l  
go into the fundamental states of the higher g~oups  hefor e , rn~  nt the 
overtones of the lower groups get appreci,tbly exc~tecl 

Born8' has shown that this conceptlon mill recluuc 'I sl~gllt 
mod~fication when applied to the case of ~ L I I I ~ U ~ I O I U L  bodies Accoril- 
ing to Born, the Debye waves 111 'ul an~sotroplc. mediunl ~ i i l  be 
propagated w ~ t h  three different velocdles 111 the t h e e  ~ I I I ~ L I ~ ~  

dr~ectrons of elastrcity with three sets of over tones An t ~ t c n i ~ o n  or 
BOIII's theory has enabled Gruneisen to explain the othe~rvise 111- 

coinprehenslble phenomenon of a negd~vc  thernul ~ \ ! )AI~S~OI I  in 
certain directions of some crystals at low temperdu~e\  G l u n e ~ w ~  
and Goenssd s tud~ed the thermal expansion of hexagot~il L I J S ~ ~ S  at 
low ten~peratuies and find thnt at  these temperatures, the neg,ltive 
expansion takes place along the axes of rnd~imu~i l  t.l,l'it~~lty r i l ld  ,is 
the temperature rises, the magnitude of the negntn e expmslan goes 
on d~rn~nlshmg numer~cally, tdl atter a certnm mnge, the: e . t pmsm 
ceases to be negative and becomes p o s i t ~ e  At lorn tenlperatures 
the excited oscillators will be those corresponding to low frequenciel; 
of oscillat~on and hence will be those 111 the direction of ~nrmmurn 
elasticity The exp,msion 111 the d~rcctioii of n ~ ~ ~ l i m u n r  e1,tstitity 
corresponding to these o s ~ ~ l l ~ t i o n s  w 1 I  C ~ S L  laterdl ~ o n t r d c t ~ ~ l l  (111 

dccolda~lce with Po~sson's ratlo) ill the dlrectmi of m,trimunl c1,rstl- 
city '1.t11d smce tlle oscill~t~ons correspondmg to t h ~ s  I'rttcr t l l~e~lrurl  
would not be excited at lotv temper,~tures, tht  obseri ecI t - i tu t  wll be 
a contraction 111 th1s d~rection With m~reasmg teiqm-,~turc the 

oscillat~orls 111 the latter direction wdl be excited m d  thc cxpaiz~iuns 



The applic,~tion of the above theory to olgmic ci ystal lattices 
becomes mole and more compllcc\ted since usunlly, oigantc lattices 
,we inuth more ~oinplex  than inorganic lattices and also because 
the actual amount of rleiin~te lnfol-lllatloh on oiganlc lattlces a 
small In such '1 cdse it 1s more fluitful to correldte expanslon not 
slmply with the elastx an~sotiopy but also 'Lvlth the chernlcd structuie 
of the molec~~les Fortunately even whete elasllc data ate not 
correctly Irnowo, the nioleculal stiuclure of inmy o i g ~ n i c  nlolecules 
is well-known on chetn~cal 01 X-lay data Working on thts basts, 
Robertson nnd Ubellohde" l w e  i~~vesllgatecl cl 11~11nber of inoiga~~lc 
ancl orgamc conzpounds wllh both ordlnniy and heavy hyd~ogen 111 
the constltutlon m d  h v e  fouacl thctl In ~ompouncls cont,~u~lng hydio- 
gen and hydroxyl bonds, tliele is inc~rlced c~nisotropy of expansion 
T h ~ s  is it1 consonance with the fact already consiclered in Sectlon IV-I 
that In con~pouncls conta~n~ng hych ogen and llyclroxyl bonds, the1 e is 
marked ainlsotropy of e1,lsticity 

It now becomes easy 011 ihe basis of the above consideiatioils 
io obtain a genela1 explnncltion of the cllaracteristics of the thermal 
expanslon of wood, but before doing so it w ~ l l  be well to considel 
the effect of l~giztn on the thermal expalwon of cellulose As we 
Irnow, the st~~zcture is a hollow tube of cellulose sl~eathed 111 a co-axial 
ligim tube It  15 quite well-known that the cocfficient oi: thelrnal 
expansion 'IS the same for a matennl whether the cross-section IS 

hollow or solld Hence of the two factois, vn., hollow st~uctule and 
the surrouncZmg llgnln, which have been collsldeied 111 the previous 
sectlons as mod~fylng the properties of cellulose, ~t wdI only be llgnln 



to be considered in connection with thcrm'tl txp,itl41(~11 The ~ i t e ~ :  
of 1ign111, even though l1g111n is p so tropic, will 111,rht itself f c l t  
c11fke1 ently on the 10ngitudin~il m d  0x1 the t r ,w t  ci s t  tllcrinLd cx- 

pansions on account of the large 'iuisotropj uf ccllulozc L(mpi r i i~g  
the coeffic~ent of expnsion of 11gnin and wood iri t l ~ c  It~~igltuc11n.d 
d~rectlon, we find the vnIues 'ne of comp,tr;ihle n ~ q n ~ t u d t s ,  V )  t l ld 
in the longitudinal d~rec t~on,  n hen expnrislon tLllLes p l , ~ u  , the cellnlosc 
portion and the lignm pol t ~ o n  n 111 cxp,mcl nlol c 01 Ics5 t~ju,ill> < )n 
account of the very 1,irge disp,mty m t l i ~  s t~cngth ui  c~ l lu lo \ t  . i ~ ~ r l  

ligiiin along the longltuclin,il c1i1 ect~on m y  sm,~ll cl~ttercncc 1111 tlli 
expansions of the ctllrilos~ and 11gnln cmnot t z e l ~ ~ s t  any , i p p r t ~ i ~ ~ l d e  
influence on the expansion of the ~ellulost pol tion 

The case of the ti ansverse expmsion will lion ct er b~ rl~ticrcnt 
In this direction the stiength of cellulose 1s onl! nbout tnice t l id of 
lignin and mutual inte~~tction will be more prono~uiotd Also, oil 
account of the weal; lateral binding in cellulusc, tlit etp,insicm in 
t l ~ s  d~rection of cellulose will be much g ~ e n t e ~  t l ~ t n  tlic cyutlsltm ot 

l ign~n Smce the relat~ve st1 engths are of cu~npl l~a i l~ le  m,tqj~~tndcs, 
lignin will exel t a clef~nltely restmini~lg cftect on the e q m w  rll 

of ~ellulose This is apparently the rcn5on why tht  rd io  of the 
ti ansverse expansion to the Iongit~ldl~i~~l espmslan in n oocl 15 less 
than the I atlo of the longitudinal Young's hIod~ilus to the tr;in\versc 
Young's Modulus T h ~ r  restrd~nmg influence of llgnm n 111 c11m11l14i 
with Increase of temperature since ,it higher t e n l p e ~ , ~ t u ~ c %  the 
lateral expansion of wood rapidly d~minrshes mtl bcconles c o m p ~  ,dde 
to that of ligmn and hence l1gn111 does not esrrclse an) nppret~dda: 
d~fkerentlal actlon on cellzilose mth  r e s p e ~ t  to 111r ~ ~ t l t r n  



I1lake ap  the m~celks, it is found thcd the structllrc IS dlstmctly in the 
form of a long thin rod These long thin ~ o d s  uildei the supply of 
he,lt w~l l  behave l ~ k e  a system of ~itlc~ll haimo~iic oscdhtois absorb- 
lng energy The fl  ecluency of the t~ ansvcrsc oscillatio~~s of such 
all oscillator w~ll  be imch  smaller than that of the long~tud l~~ l  
osallatlons w ~ t h  cori espondzng lowel cl~aractei~stic temperatures 
fot the lateral osc~llatlons dncl Ii~gher chai acterisllc tempe~ature~ 
for the long~tucl~nal osc~llat~ons I-Ience a1 low iempci aiures corres- 
po~ldlxlg to low eneigy states, it will mainly be the transve~se 
oscillations co~rcspond~ng to low energy levels that would be excited 
This enelgy of tsansve~se osc~llat~on is conse~ved as between the 
k ~ n e t ~ c  enelgy of the oscill~do~ and the potential e m g y  ol stlain 111 tlie 
transverse direction On account of the low value of Yo~mg's Modulus 
of the fibres in a trmsvelse dilection (01 the weak hyd~ogen bonds 
m the case of the cellulose molecule) even a sinall enelgy will 
correspond to a l a ~ g e  ampl~tucle of osc~llat~on, so that at low tempe- 
i atui es the trdnsverse expansion 1s much greatel than the longl- 
tud~nal one 

As the teizzpelatn~e rlses w ~ t h  a coiltinued supply of heat 
enelgy, the energy goes mole and more mto the long~tudmal 
mode of v i b ~  atlon smce t~ ansverse oscillat~ons at these higher 
tempel a t u ~  es would have ,~lready reached the co~ldit~on of equl- 
palt~tioil col~esponclmg to tlieii frequencies Thus the lateral 
anlplitude will, as  ~t wele, leach a stationaiy state while the 
i n c ~ e m n g  energy of the long~tudinal oscdlat~oiis with xnc~ easmg 
teinpei ature w ~ l l  give t l ~ s  expansion ail IIICI easmg value The 
decrease of Young's Modulus with incleamg temperatutc might help 
to augment the amplitude of the longdudinal vibiatlo~l and thereby 
help further to mclease tlus coefficient with tempel ature 

It will be inteiestmg to observe ~f othes fiblous i ~ i d e ~ ~ a l ,  as fol 
lnstance asbestos, shows a sim~lar behaviour to wood 








