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AHSTRACT 

I>).ll:u~ric nlechanical properticls ( D?rlP) from 100 to 400 R Ilavc becn determinetl for 
black cherry, car1)onizcd at te~npt>r;ltnres from 593 to 11'73 K ill an inert atmosphere. l'ht. 
elastic n1oclr1111s of a specilnen c;lrl)onized at  593 K shows a n~arketl decrease with heat 
treatment, I ~ n t  this trentl appears to he reversed as the carl~onization temperature i:, 
incrcasetl. Internal friction data suggest that there :rrc relatively complex relaxations for 
all specimens. Scanning electron l~~icrographs for carl~onizetl I~lack cherry, birch, ash, ;~ntl  
white oak are The an~ount  of cellular integrity that remains after carl~onizatior~ 
in an irlcrt atnlosphere is displayecl. This foml of specimen preparation appears to h,: ;I 
\,cry ~ ~ s e f n l  method tor in\,cstigating certain ~ ~ l t r a s t r n c t ~ ~ r a l  features of woocl. 

INTHODUCTIOS ture of charcoal is assumed complctc~ bc- 

Ilynamic ~liechanical spr,ctroscopy is a 
particularly scnsitivc mcthod for studying 
fhc bchavior of graphites, carbons, and 
polynlerjc systems (Taylor ct al. 1968; Tay- 
lor and Klinc, 1967; \Voodward and Sauer 
1965: Bcrnier and Klinr 1968 ) . This method 
of ailalysis is 11scful because it is nondestruc- 
tive, requires rclativcly feu. spccirnc:ns, and 
often offers some insight into molecclar - 
strlicturc rcsponsiblc for the behavior. 

Carbonization of n~ood in the manufac- 

tween 673 to 873 K (Schaffer i970 1 .  A 
recent articlc discussed thc convtrsion of 
wood to charcoal and presents some rnicro- 
graphs of charcoal (McGinnes ct al. 1971) 
prepared in a static atmosphcre. Thcl all- 
thors discuss the possible conversion of 
wood into graphite; however, tl1i5 rear- 
rangenlent into a long-range order of crys- 
tallites cbharactcristic of graphite typically 
requires muck1 high temperature I > ;, 873 
K )  ( Sinclair L969), cven for graphit izable 
material. From microrra~hs McGin11c.s ct 

-- -~ p~ .. <, 

a1. conclude that the microfibrillar orienta- 
' The author? are indebted to Dr. F. C. Beall for 

co~~rnients concer~iirig the research and irr;~nuscript. 
tioil of the cell wall in wood changclcl into 

~ l ~ i ~  researc,l was sllpported in part 1,) penl1. a smooth ainorphous wall structure. 011  thr 
sylvania Science and Engineering Foundation and other hand, upon heat trcatment to 513 K 
the Ato~nic Energy Cornn~issi?n (Contract NO. in an inert atmosphere and near 550 K ill 
A T (  30-1 ) 1710 ) . We are indebted to Professor 
1'. L,. Walker, Jr., for providing support for one of 

air, Kollmann and Sachs ( 1967) f o u ~ ~ d  that 

(D,., ~ ~ ~ k i ~ ~ )  to work at the pennsylvania state thc structure of certain xylcnl wood cells 
Ilnivc,rsity d l~r ing the srllnnlcTr of 1971 remained basically intact. The speci~nens 
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. . 1 . I J \L~E  1. C l ~ ( ~ r a ~ t ~ ~ r i , s t i ~ . s  of ~rncarhol~izetl black , 
chcrr!/ sl~cjciitrc~r~s 

.- - -. -. -- 
I'ropertics Specij!~en A" -- - 

1 (an) 10.72 

f,, ( ,'300 K, Hz ) 217:i:I E 
-- - -- -. . . 

:i IIeat t i ~ i i t ~ I  to 400 K nt 2, rntv 01 1 h/n, in prior to 
tt.itinx. T l ~ e  t n r~ i \ . t ~~ r r  cvntent h r f ~ ~ r ~ .  trctinf >i.;lr about 2 % .  
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C 
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u 
a hcxtctl ill air displayc~el c,\idclicc. of material IL 

flonr. Knudson and \Villiarnsc 111 ( 1971 ) 
pyro1yzc.d L)ouglas-fir in :In over1 with ouy- 
gem prcx'nt and found that various cell-wall 
coml~onc.~xtddecon~posc~d at rates rclatcd to 
tlwir chc,rnic:~l compositio~l. 

<:onsidcral,lc intc,rc,st has bec.11 generated 

H.T. T. 

./ - 5 7 0 * K  

H.T.7. 

:,,.c--- 7 7 0 ' ~  

'''3- H.T.T. 
1 2 7 0 ' ~  

rc,cc.ntly in thc use of filamciltary conl- 
1x)sitc.s. A rvason for this is the desirability 
of obtai~ling a high modulus,'donsity ratio. 
On(, of thc ilnportailt fi llrrs i ~ r  fibcr- 
comlx)sitcs is carbon fiber with ;I strc~ngth;' 
tlcnsity ratio of - 7 x 10" incllcs. These 
fibcw arc. typically obtained by c~arbonizing 
~x~lyacrylonitrilc ( PAN) or cc~llulose prc- 
cursors. l'rcsentlp a major drawllack in the 
IISC of carbon fibers is their cost ( - $100/lb). 
This has led to some spt~culatinr~ as to the 
possible usc of carbonized woocl as a filler 
tor colnpositc material. It is rc~alizctl that 
carbonized wood composites may not obtain 
as high a strcngth/dcnsity ratio as systcms 
using carbon fibers, but they may prove 
very useful in othcr ways. 

Hat[ , -car l~oi izl  woocl in this paper is 

J 1. Effect of hrat treatment temper'ture 011 

the rcsidnal mass versus gcomcatric density. 

wood that has l)cc.11 heat treated ,\t a spcci- 
ficd ratc of temperaturc~ rise in an incxrt 
atmosphere. It is o f  ii~tcrest hr.cause of its 
relation to tlic. carbon-l~ackl~onc. polymers 
ill \\rood. Tlic, dyiialnic mc.chanica1 propclr- 
tics ant1 tllo microstructurt. of c:ul,oi~izcd 
wood have b(>cn relatively uncsplorc~tl. The 
primary purpose of this paper is to report 
on somc results of the dynamic i i~~c t~an i ca l  
propertirs of carbonized black ct1cr1.y and 
microstructure, of carbonized 1)lack cherry, 
white oak, ljirch, and white ash for carbon- 
ization temperatures up to 1173 K.  

. . 1 A 2. Cl~u~(~ctc~.ist ic. t  of c,urhoniz.cd black clrerry s ~ ~ e c i n i e n . ~  
-- -- - -- - -  

Before After 
- - -- - 

1 d \ t t d \\ t \ \ t ' ,  
5lwc1111c11 ( cm ( ~ m )  (L?) ( (  11) ( ~ m )  (6) 1 0 s  

- -- - - -- - -  

( H ) *  HT 593 K 11.40 0.60 2.010 11 33 0.58 1 253 38 

( C ) * "  IIT 873 K 11.30 0.60 1.949 9.13 0.44 0.545 72 

'* Kate carhonizi~tion \!-:Is condncterl in ,111 3: atmosphere. The v.~te w;ia 6 Klmin  ;tnd the specinlen \\.;IS hrld for ~ \ \ ' I I  

Ilours at the reportrd trnrper;iture. 
:%* Hate carhoniz;ttlon was condi~ctecl in .ill Nz ;~t~nosphere.  The rate \v;,s 3 li/rnin and the speci~nen \v;ls held for two 

11011rs at  the rcpor t~d temprratnrr. 
NOTE: IIXLI' tcating was varried out at .L r.lte of - 1 K/min. 
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\:I(:. 2. 1)ynamic elastic l i rod i~ l~~s  of rate-carbonized black cherry as a function of temper:it~~rft. 
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RATE -CARBONIZED BLACK CHERRY 
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A. Apparatus 

'The dyrrarnic elastic moclulus and intcrnal 
friction wcre rncasurcd as a function of tem- 
perature in a transverse dynamic 1ncv;hanical 
propcrtics (DMP) apparatus (Klinc 1956) 
at audio frequencies. In this apparatus, a 
spccimcn is suspcmded horizontally by hvo 
strings near the nodes of thc primary modc 
o f  trans\,ersc. vibration. Onc strill? is at- 
atched to a magneto-strictive transducer 
iisecl to cxcite thc spc:cimm whilc thc other 

string is attached to the stylus of a p~c,zo- 
electric crystal pickup cartridge used 3 s  a 
detector. Internal friction of specinlens, 
Q-I, is determined from the half polver 
width. ~ f ,  of the resonancc curve and thc 
resonant frequency, f,; i.e., Q-I = .Af,/f,,. 

The dynamic elastic modulus, E', is drter- 
mined from the ~.csonant frequency ancl the 
relationship 

1 14, L;' .= ---- -- 
12.7 R!! t . 

In this relationship, E' is in dynes/cin" 1 is 

'r.41il.~: :i. I ~ { / I I ( L I ~ I ~ ( .  ?tlecl~ccl~ical p!.oj~erties for cariozrs sj~ec,irnetls at 300 K 
- -. - 

- -- -. -- .- 
Temp. ot f , ~  E' x I(!-1" 
Q-1 Peak Q-I X 1 0 3  at 300 K at 300 K 

Specilnrn ( K )  at 300 K ( H z )  ( dyne/cm2 ) 
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F I ~ . .  :I. Intrrnal fl.iction of r;~te-carbonized I~lack chcrry as n function of temperature. 

tho spc~cimcn length in cm, p is thcs specimen 
tlcnsity in g/'cm" ( obtained from mass and 
gc:onic.tric di~nensions prior to testing) and 
K' is the radius of gyratiol~ of the. specimen 
cross section in cn?. Since roon I tempera- 
turc dimensions arc cnrployctl in c:alculating 
E', the \ialues arc only nominal. The tern- 
~ ( ~ r a t l ~ r c ~  can hc varied in thc test charnbcr 
from 80 to 800 K. Typically, thv tcmpera- 
turcx is steadily i1lcrcast.d at a rat,, of about 
1 K ~ n ~ i n  \vhile nitrogen is slov~ly passed 
through the tcst cha~nl~er .  Thc dctails of 
thc use of I IMP spectroscopy in thc study 
of wood and thc particular app:lr:ltus em- 
ploycd are discussed else\vhcrr (Blanken- 
llom 1972). Thc rcferrnccs discusses errors 
and rc~proclucibility in this ~ncthod of inea- 
surr~mcnt. I t  also prcscmts extc.llsivc, t l a t ~  
on 21 series of specirnc~l~s. 

,411 thr DhIP specimms were ~ndchined 
i l l  the for111 of :I rod fro111 black c l ~ ~ r r y  in 

the longitudinal direction of the trccb. The 
chdracteristics of uncarbonized spc,c.imen 
A arc given in Table 1. Prior to the DMP 
test ieported, this specimen was heated at 
a rate of about 1 K/min in a DMP test (not 
rcported) until the temperature reached 400 
K and was iinmediately cooled to room 
telnperaturc. The characteristics and car- 
bonization trwtlnents of carbonized speci- 
mens B, C and D arc. given in Tahlc 2. All 
thc spccilnens were oven-dricd prior to car- 
l~onization. Specimens B, C, and D were 
placed under \ acuuln overnight before test- 
ing. Table 3 lists thc dynamic mc~chanical 
properties at 300 K tor the various speci- 
~nens rcportecl. 

Black cherry specimens were used to 
determine the effect of heat treatment tern- 
peraturc on the residual mass and the 
density that is determined from thc speci- 
Inen mars and geon~etric dimenrions after 
carbonization. The specimens were oven- 
dricd prior to carbonization. The plot of the 
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1 .  4 R;icli;~l \ ip\ir of /,lack chr,r~.y specimen C, ivhich has 1)een rate-carbonized to 873 K (scarining 
c~lt~ctro11 ~ ~ ~ i c r o g r a p h ) .  

hactioll origil~al Inass \,crsus dc,l~sity for 
\-arious heat trcatn~cnt tcinpcsraturcs ( HTT) 
is rc,produccd in Fig. 1. 

I n  addition to the D\IP tests rc:l)orted, a 
large, sc1ric.s of 13\11' tosts Ila\,c h:cn con- 
cluctcd on both uncarbonizcd and carbon- 
izc,d black cherry and ~vhitc~ ash (13lankcn- 
horn 1972: Klincx ct a l .  1972) ). I t  is intended 
that drtailctl papcrs collcerning tlicsck data 
will be published later. The data prcsentcd 
11c~rci are consistent with the unpublished 
tlata. 

RFSSULTS 

The dynamic elastic modulus, E', data as 
a f unc t i o~~  of trmperaturc are prescntctj in 
Fig. 2. Carboi~izat io~~ at 593 K res~~ltctl  in 
a decrease in the overall level of E' com- 
pared to spcci~ncn A ( uncarbonized) . Car- 
bonization at higher temperatures ( 873 to 
1173 K )  appears to result in a revorsal of 
this trend, and the overall level of thc. 
modulus increascs as compared to specimen 
B carbonized at 593 K. Data for specimen 

'1 1011 A show the effects of a prorninei~t relax. t '  



PIC. 5 .  Cross-scctional view of a inultiple pore of 1)lac.k c.1lr1.1.y spc,ci~iicn 1) \\.hic,h has I ) ~ ~ ~ , n  rntc- 
carl)o~~izcsd to 1173 K ( scanning rlectron nlici-ograph ) . 

ccrlterecl near 250 K.  l'hc. nlodulus for 
slwcimen 23 had a slight rc~laxaticiu near 230 
K and for specimen C near 190 K corrc- 
sponding to intcrnal friction peaks (Fig. 3 )  
new these tcn~pcratures. The modulus data 
for specitilvn D wort: relatively flat over the 

"1011. tcLmperaturc re,' 
Internal friction data ( (1-I ) arc. presenttd 

in Fig. 3 and supplement thc: ii~formation 
on the relaxations. Specimcn A had a broad 
i~lterilal friction peak centered 11e;ir 250 K 
and a slight hump near 160 K. Specimen 

B had a highw internal friction 11~vc~I than 
specimen A, and th? peak was cc>ntcrctl 
near 230 K with a broader hump new 160 
K. Upo~l  heat trcatlncnt to 873 K ( spc>cimen 
C ), there is a broad internal frictio~r peak 
ccntored next. 190 K and cvidenc:c of thc 
hurnp near 160 K (cvideiit in sp['ci~~ien A; 
also B )  again appcars. The illass ot speci- 
men C increased during DMP tcsting. Tl'ith 
further hcat treatment ( 1173 K for spchcimen 
D ) ,  the internal friction showed a slight 
huml~  near 130 K follo\vcd by qratlually 
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i '~(:. (5. Radial \-ie\\, of i t  \essc,l of l~lacli c1ierl.y sprcitllen I > ,  \vhich 1x1.; lwen rate-car1xm1z1.d to 
1 173 h: ( scanning ,rrl(.ctroli 111ic.t.ograph ). 

tlccrc,asing values as thv tcnlpc~aturc in- 
crc.ascd. Tal~lc  3 is a sun-~mary of thc ill- 
trrnal friction and E' \,aluc.s for tllc. various 
s~x~cimcns at 300 K. 

I11 order to assist in the characterization 
ant1 unclcrstanding of t h ~  carl~onizecl wood, 

largc. serics of scanning c,lcctron micro- 
graphs (scanning clcctron ~nicroscopc Typc, 
-JSM, Japan Electroll Optics Lab Co., 
Ltd. ) were taken of cherry and sonle othcr 
hardwoods. Somcl of tlit~sc micrographs are 
prcscntctl in this articlv to display the (Y- 

ccllcllt cc~lluln~. intvgrity that rcnlains ilpon 
carl~onization in an inert atmosphere, and 
to prcscnt thc overall structure for the 
readcr. Specilrlcns carbonized to 2,173 K 
are sufficicntlv conductivc. that the!; u7erc 
placctl in the scanning electron nlic:roscopc 
( S E M )  ~vithollt ally spccial coating or prep- 
aration. Thc spccimcns were simply 1)rokcn 
in t l ~ c ~  aplxmpriate planc and mountc~cl on 
thr spccirlicn holtlcr. Thc SEM ~nicrographs 
prcseirtetl arc characteristic of the c,ollipletr 
slx'ciinen cross section. 



PiKnre 4 is a 111 radial sectiol~ of 
Ilil\rc s p ~ i m c n  C. Thc depth of field of 
thC SEM a\sists in rcvrulillg the cellular 
illtcgrity that remains aRer carl~onization- 
In this figure, one can See both th(' upright 
ancl i3r(lcumbrllt ray CL'IIS. Fibers, l~ng i -  
hldins\ pafi,~~clrym:r, hclicnl thickening, 
,jll,alr p c ~ ~ f ~ ~ r a t i o n  p h t ? ~ .  m d  vrsst.1 pits 
, I ~ C ~  evident. 

FigurP 5 dnd 6 arc micrograpll\ of lpeci- 

lllell D. Fig. 5 (cross section), the ~ a r b m  
\!,rlrt<m and c pitti"' 11c't\vrcn 

clearly displayed. 
Different 5 p e " ~ ~  of wood were iilveti- 

geterl \\,ith the SEM after carbonizatioll. 
A fcrv of thr<c n~icro,aphs arc prcrcntrd 
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]'I(:. ti. Cross sectior~ of whit(, oak, which has I ~ r e ~ l  r,~te-ca1.1)onized to 873 K (scaxlning clectror~ 
tllic.rogr;lplr ) . 

t o  vmphasiize sonic, of thr uses of carboniza- 
tion and the SEM in investigating the micro- 
structure, of n~oocl. Figure 7 is a micrograph 
of 1)irch heat treated to 1273 K ill which a 
scalarifornl pci-foration plat(, is cl(,arly visi- 
1)lc.. Figures 8 and 9 arc, cross-sectional 
\.ion~s of whit(, oak heat treatcd to 873 K. 
Fibers, longitudinal parenchyma, uniseriate 
rays, vessels, and tyloses arc, clearly visible 
in Fig. 8. Figure, 9 shows intert!slosic and 

tylosic pitting. Figure 10 is a tangential 
view of ash heat treated to 873 K.  End-wall 
pitting and intcrcellular spaces arc, clcarly 
cavident in this figure. 

1)ISCUSS LON 

The. i~lternal friction peak obsc~rved herc 
for uncarbonized black cherry (specimen 
A )  near 250 K is similar to the peak in birch 
reported by Hrrnier and Kli~ic ( 1965). This 
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FIG. 9. Cross-sectional \.it.\\, of a white oak tyloses, wliicli 11:~s been rate-carbonized to 873 K 
( scanning electron micrograph ) . 

peak 'ippears to be characteristic of at least 
sevc,ral types of completely dry wood 
( Hlankenhonl 1972; Klincb et al. 1972 ) . Rc- 
search is presently being conducted in ordcr 
to characterize this peak bettctr. The re- 
portc~l ~nodulus values arc h i g h  than rc- 
portcd for cherry in static tests and are not 
inconsi5tent with static moduli comparisons 
reported else\vhcre (Jaync 1959; John and 
La1 1964). John and Lal (1964) state that 
static and dynamic values nlay differ 
bc~causc 5tatic modulus i\ an isothermal 

modulus while the dynamic modulus is an 
adiabatic modulus. In static tests tht, valucs 
often differ because of the chanqc in rate 
of loading and the increased stress levels. 
Little if any static modulus valucs arca avail- 
able for the complete temperature range. 

Upon carbonizing in a nitrogci~ atmos- 
phere to 59:3 K, thc n~odulus v;tl~lc>s drop 
considerably and there is some loss of mass. 
This would appear to be consistel~t with the 
brc:~kdown of some of the wood strlicturcs 
including groups from the cellulosc~,s known 



Flc. 10. l';ingclntial view of \\.hitc> a:;h. which has been rate-cal.l)oni7rd to 873 E; (scanning ei,,c.tron 
~ ~ ~ i c ~ . o g r n p h  \ .  

to occul in this tcmpcraturcx r c g i o ~ ~  ( Rrall 
, ~ n d  Eickncr 1970). Most of thc plocluct\ 
arc probably carried off I)? thr tlowing 
ilitrogen atri~osphcre preventing large scalr, 
secondary reactionr. The cause of the in- 
tc,rr~al friction peak near 250 K in \pccimcn 
A i \  uncertain A peak that is 1argi.r occurs 
at '1 lon7er tclnperaturc in spec>imen B 
trcatcd to 593 K. Carbonization ,~lters the 
structuie, but if thesc arc, relatecl it ~vould 
appear that barriers to movement of seg- 
~ncnts rc~\ponsibl~~ for thc rclau,~tion arc' 

rcducc~d by the heat treatmc,nt. T l ~ c  high 
intclrllal triction values of specimeil 13 are 
not inconsistent with the result$ of 
Kanagawa and Yan~ada ( 1970). 

Upon heating to 873 K, data for thc 
chckrry ( C ) exhibit a ri5c in overall nlotlulus 
compared to specimen B. The n~od~i lus  
is alw less tcl~nperature-dependcnt. The 
weight loss in this case amounts to  bout 
72% and inuch of the rcn~ailli~lg structure 
is carl~on on a weight basis. Presumably 
shrinkaqc acconlpa~~iecl 11). carbon-carl3on 



lmnd formation is res~onsiblc. foi the in- 
creased ~nodulus. An intcnlal friction pcak 
is centered near 180 to 190 K. Thc small 
arcs ok th(\ pcak comparcd to that of 8 
suggests that f e w c ~  scgments are pa1 ticipat- 
ing compnred to prcviou5 specimens while 
the ~owc,r t~mpcr~i turc  loc'ition suggests ,I 

relatively low activation encrgy. 
Specimc.n 11 (hcat trcatcd to L173 K )  

cldt<\ tor the modulus exhibit CL ~'ithcr rc- 
~nalkal~l(,  li,c in thc moclulus conlparecl to 
spc~5incn5 B and C and the tcinpcraturc 
dcpendcncc, of the valurs i 5  \ c'ry slight. The 
slight te~nperature depondu~cc is similar to 
that obscrvcd in a glass! carbon (Taylor 
and Klinc 1967). Thc internal friction pcak 
1 1 0 ~ ~  obsc~rved ncar 125 K is somewhat 
smaller than those for speci~nc~ns 11, H, and 
C. The reason for this is not clear. 

A process that may bc similar to thc 
progrcssi\rc, changcs occurring in carbonizcd 
wood was observed recently (Jell kins and 
Kawa~nura 1971) in the car1)onixation of 
phenolic resins to protl~lcc: glassy carbon. 
Changes in structurcl wcLre followetl by high 
resolution c,lcctron microscopy and nioni- 
tored by various physical techniques. It 
was concludccl that there \vcrc, thrce distinct 
pyrolysis rcgilncs in the progress fro111 
polyilicr ~xccursor to pyro1)olyin(~r to d(1- 
fcsctive carbon to fully annc.alet1 glassy 
carbon. Thcse were 

a )  Bctween 573 and 773 K, oxygc~i was 
rc~rnovc~l largely in stcam Icavinq loosely 
bound bundles of graphitelikc ribbons 
clothed in hydrogen. This \vas acconipanicd 
11y large weight loss, a correspontling low- 
(,ring ot density, and detcriorntion in in(,- 
chaiiical propcrtics. 

1)) Betwccm 773 and 127:3 K, the hytlro- 
gcrl was progressively cliniin,~tc.d and cross- 
links were formed betwccn rib1)ons that 
camc togcther to form a mass of randomly 
oriented fibrils. Thcre was a slight weight 
loss appropriate to the lo\\, atomic weight 
of hydrogen, but the d(~nsity increased and 
thc mcchanic,~l properties ilnpro\~etl enor- 
mously. 

c )  Ht.twc~11 1273 and 3272 K, grown-in 
defectq were removed to lcavc icgions of 
parallrl ril)l,oiis in c~acli fibril. Thv mcchan- 

ical propc)rties sho\vccl somc dcterior a t '  ~ o n  
as the intcrlamcllar cohesion was reduced. 

In wood heat treated to 700 K, onc of the 
products c,liminated is water. I t  is ki-10~11 
also that ccllulosc. 1)y itself forms glassy 
carbon ancl cnrhon fillers 11y pyrolysis 
( MacKay 1967; Siilclair 1969). In  Fig. 5 
sonie of the structure of thc cell wall appears 
to 11e converted into carbon fibers by the 
carbonization of thc \voocl in an inert at111os- 
pherc. The pyrolysis mcchanisrlis would 
s c ~ n l ,  therefore, to bc similar to thosc, 01)- 
servcd in phcnolic resins, a r ~ d  wood char 
l)c~lol~gs to the same gcneral chars of other 
"polymeric carbons." 

In ternis of a molc~cular picture for ther- 
mal degradation, the initial dccrc~asc, in 
modulns and increase in damping with heat 
trcatmcwt nlust bc ascribed to thc produc- 
tion of a loosely bound network of carbon 
ril~boi~s. The subscclucnt modulus rise, thc 
lowering of damping, and the migration of 
the damping pcak with temperature to 
lower temperatures lnust 11e ascri1,ctl to the 
progressive coalescence of this loose uct- 
work with clilni~~ation of hydrogen. Thc 
lnigration to l o w c ~  tcmpc:ratures does not 
gc~ncrally sc~,m to b v  co~npatiblc with tight- 
c>ning of the structurc,. 

It is striking that the, modulus va1uc.s of 
the wood, heat trcated under a nitrogen 
atmosphere, appear first to dccrrxase with 
tempc>rature of' hcat treatment and then 
rise. More will 11c. published later illustrat- 
ing this in detail. Physically, the ~natt~rial 
is rclativcly strong comparcd to tllc fr:~gilc 
nature of char(-oal-likc material. I t  is also 
striking, as ol)sc.rvcd from thc: SEM photos, 
that the charactvr of thc wood structurc 
rc.rnail~s almost completely intact, although 
contracted. Kinking in some specimc,ns is 
obseivcd to enipllasize that thc shri11k;tge is 
not uniform in all structurc~s. Kinking was 
usually not obscrvcd when clear, straight- 
grained material was carbonizcd. 'Thc en- 
tire process is clearly suggestive of the 
formation of glassy carbon structures that 
arc bard and rclativc,ly strong compared to 
regular charcoal, which is pro1)ably 1oosc:ned 
UP 1)y oxidation. I t  is also probable that thc 
usefulness of thr protluct is very tliffcrcnt 



224 1'. 11. BL.ANKEhHORN, G. M. JENKLNS, AND D. E. KLINE 

and in Inany ways inrproved. For instance, 
it thc strc~ngtli is adequate, the usefulncss 
'1s ,l filler ]nay 1)e greatly incrc.ased coni- 
p.ircd to other proclucts. 

1-Iynamic mccha~lical propertics data for 
1)lack chrrry carl~onizctl in an i ~ ~ e r t  atmos- 
plic~re 11avo 11cc.n prr.sc.ntcd. Thl: structurc 
after heat trcatmeut to 593 K displayed 
sul)stantially reduced rigidity, but upon 
higlic~ hrat treatments, rn11c.h of the rigidity 
of the, original systcm appears to return. 
A4 colnplcs relaxatioil behaviol. I~etwrcn 
100-:300 K is cvidcnt for all specimens. 

Scanning electron iliicrographs of the 
~nicrostructure of carbonized wood arc pre- 
sctnted. This form of spccirncn ])reparation 
oft'cm a unique nlethod for investigating 
thc structurc of wood because n~uch  of thc 
ultra-structurr intc,grity romail~s nftcr car- 
I)onization ill an inert atmosphei-e. 

Rc~sc~arch in the area of mc~chanical prop- 
c1rtic.s and ~nicrostructurc~ of carl~onized 
wood is continuing to improve the charac- 
tenzation of this material and to Improve its 
nscfulncss ,IS '1 composite, mater~al. 

lnal degradation of \r~ood conlponents: a 
rc,\ie\v of the literature. U.S.D.A. Forest 
Sr.l.vicc1 Research Paper. FPL 1,30. 

HI , . I~NIEI~,  (;. A., AN11 1). E. KLIKE. 1968. Dy- 
11~1nlic ~nccliariici~l bcliavior of 11ir1:li conlpared 
\\-it11 ~~rethyl nrcthacrylatc~ impre,;nated birch 
fl.on~ 90" to 475°K. For. Prod. J. 1 8 ( 4 )  :79-82. 

E~I.. \ \IcI.: \II~I<N, 1'. R. 1972. llynami,: nlechanical 
I~el~n\,ior of ],lack cherr!. (Prurlus serotina 
Ellrlr. ) .  p11.D. thesis, thr Penns\.lvania State 
IJni\-crsity, Unix-tlrsity Park, I'cnl~sylvania. 

I . a \ ck : s ,  \\'. I,. 1961. Internal friction and speed 
of s o ~ ~ n d  in 1)ouglas fir. For. Prod. J. 11 ( 9 ) :  
:383-:390. 

~ A Y Y ~ : ,  13. A.  1959. Indices of q~~a l i ly  . . . vibra- 
tional properties of \\~oocl. For. Prod. J. 
9( 11) :413-416. 

JENKINS, G. h4., AND K. KAWA~IURA. 1971. 
Structure of glassy carbon. Nature 231:175- 
176. 

JOIIN, W. J., AND hl. A I .  LAL. 1964. Ilynamic 
elastic modnlns and damping coefficient of 
some Indian timbers. Ind. J .  Pllysics 38: 
401-408. 

KANAGAWA, Y., ASD T. YAMADA. 1970. Influence 
of carl>onization (400°C) on \vatt:r sorption 
hysteresis of wood. 1. Japan Wood Res. Soc. 
16(3 )  :120-129. 

KLINE:, D. E. 1956. A recording appariltus for 
measuring tlie dynamic mechanical properties 
of polyn~ers. J. Polymer Sci. 22:449-454. 

KLISE:, D. E., R. P. KREAHLINC, ANI) P. R. 
BLANKENIIOIIN. 1972. Dyna~nic ~neclianical 
properties and structure of white ash (Fraxinus 
u~rlericana l,.) wood. Advances in l'olynier 
Sci. Eng. I'lenum Press, New York: 183-205. 

KNUI)SON, R. hl., AND R. B. WILLIASISOX. 1971. 
Influence of temperature and tin~c, upon 
pyrolysis of untreated and fire retardant 
treated wood. Wood Sci. Technol. 3 ( 3  1:176- 
189. 

KOLL~IANN, F. P. P., AND J. R.  SAC:EI~. 1967. 
The effects of elevated tenlperature 011 certain 
wood cells. \Vood Sci. Technol. 1 ( 1 ) : 14-25, 

~IACKAY, G. D. 11. 1967. Mechanism of thermal 
degradatior~ of cellulose: a revicw of the 
literature. Canada Department of Forestry 
and Rural L)e\~elopment, Forestry Department 
Yl~blication Xo. 1201, O.D.C. 813.-4:l-20. 

~LICC~IKNES, E. A , ,  JH., S. A. KANDEEL, A A D  P. S. 
SZOI'A. 1971. Sotne struct~~ral cl~ar~ges ob- 
served in the transformation of wooci into 
charcoal. \Vood and Fiber 3 ( 2 )  :77-83. 

SCHAI'FER, E. I>. 1970. Elevated ternper;~ti~re ef- 
fect on the longitudinal mcclianical properties 
of wood. 1'li.D. thesis, University of \\.iscon- 
sin, hladison, Wisconsin. 

SINCLAIH, P. hl. 1969. Composites: designers 
\\,ark and conte~nplate. Ind. Res. Oct.: 59-79. 

TAYLOR, R. E., .sm D. E. KLINE. 1967. Internal 
friction and elastic modul~rs I~ehavior o f  vitre- 
ous carbon fro111 4°K to 570°K. Carbon 
5:607-612. 

TAYLOR, R. E., I). E. KLINE, AKD P. L. TZ'ALKER, 
J H .  1968. The dynalnic mec11anic;~I I,ehuvior 
of graphites. Carl~on 6:333-347. 

\VO(LDWARI), A. E., ANI) J. A. SAUEH. 1963. Me- 
chanical rt~laxation phenonlena, p. ($37-723. 
I r i  D. Fox, \'f. 51. Labes and A. V7eiisberger 
(eds. ),  Physics and chetln~stry of the organic 
solid state. lnterscience Publishers, Nrw York. 




